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TROPOSPHERIC SCATTER PROPAGATION — 
A SUMMARY OF RECENT PROGRESS* 



By 



Harold Staras 



RCA Laboratories, 
Princeton, N. J. 



Summary — Durhtg the past decade, one of the major breakthroughs in 
the field of communication has occurred because of our ahVity to under- 
stand a new mode of propagation through the atmosphere of radio signals 
in the 50-5,000 megacycle range. This new mode has come to be called 
tropospheric scatter propagation. The great interest in it arises from the 
fact that it provides a highly reliable means of establishing a point-to-point 
communication system over distances up to about 600 miles. 

This paper gives a short history of this neu> mode of propagation and 
then presents an explanation of many of its characteristics in terms of 
simple physical pictures rather than detailed mathematics. It is hoped tluvt 
this presentation will provide a theoretical foundation for those tvho may 
become active workers in this new and exciting field as well as satisfying 
th-e scientific curiosity of many other readers. 



NE of the most significant achievements in the communications 



field during the past decade has been the utilization of the 



^ scattering of electromagnetic radiation by the random inhomo- 
geneities in the atmosphere for long-range point-to-point communica- 
tion systems in the frequency range 50-5,000 megacycles. With the 
aid of this new mode of propagation, it is now possible to communicate 
between distant points separated by rugged terrain, barren wastes or 
water barriers. 

Like many other notable achievements in science or engineering, 
scatter propagation was discovered by pure chance. Although there 
had been occasional reports of very strong signals being received 
beyond the horizon during World War II, the detailed study of scatter 
propagation did not begin in the United States until commercial tele- 
vision had become firmly established. At this time, it was discovered 
that the signals from one transmitter would frequently interfere with 
those of a co-channel transmitter almost 200 miles away. A detailed 
investigation of these strong interference signals (strong compared to 
previous theoretical predictions), indicated that they were present 

* Manuscript received November 4, 1957. 
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all the time, but were subject to rather severe and rapid fading. This 
had suggested to many workers in the field of propagation that some 
sort of scatter mechanism was responsible. The first reasonably accu- 
rate mathematical statement of the phenomenon was made by Booker 
and Gordon, 1 who used a formulation originally suggested by Pekeris 0 
in connection with the scattering of sound by a turbulent fluid. 

Although there have been many improvements in the theory since 
it was first presented by Booker and Gordon, the broad outlines of it 
remain substantially intact. The usual concept of the scatter phe- 
nomenon can be described somewhat as follows. The major part of 
the radiation from a transmitting antenna illuminates that part of 
the atmosphere above the horizon of the transmitter which lies within 
the antenna beamwidth. Within this volume there are irregular 
variations of the refractive index of the atmosphere so that the 
atmosphere can be considered as consisting of "blobs" of different 
dielectric constant randomly distributed. The average dimension of a 
blob, Z, in any direction is substantially greater than the wavelengths 
of the radiation in the 50-5,000 megacycle under consideration. 

These irregularities in the refractive index of the atmosphere re- 
radiate a portion of the incident electromagnetic energy. Because the 
irregularities are large compared to the wavelength of the radiation, 
the scattered radiation is concentrated in a fairly narrow cone angle 
around the forward direction of the incident energy. A portion of 
the energy scattered by the atmospheric irregularities in that part 
of the atmosphere which is within the antenna beams of both the trans- 
mitter and receiver arrives at the receiver. The sketch shown in 
Figure 1, which by now has become the symbol of the "scatter 
propagationist," depicts the phenomenon just described. The volume 
of air space inside the heavy lines represents the common volume 
visible to both the transmitting and receiving antennas. In this 
volume are depicted several typical blobs of atmosphere having a 
refractive index somewhat different from the average. Each of these 
blobs scatters a portion of the incident radiation in all directions but, 
as mentioned earlier, not in all directions equally, i.e., the intensity 
of the scattered radiation from each blob is a function of the scatter- 
ing angle, 0. Some of the scattered radiation from each of the blobs 
arrives at the receiving antenna. The total received scattered signal 
is then the sum of the signals scattered from each of the blobs to 
the receiver. 

1 H. G. Booker and W. E. Gordon, "A Theory of Radio Scattering in 
the Troposphere," Proc. I.R.E., Vol. 38, p. 401, April, 1950. 

2 C. L, Pereris, "Note on the Scattering of Radiation in an Inhomo- 
geneous Medium," Phys. Rev.., Vol. 71, p. 2G8, February, 1947. 
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Pig. 1 — Schematic of the scatter-propagaticn phenomenon. 

Angular and Frequency Dependence of the Scattered Radiation 

Figure 2 shows a typical atmospheric blob whose dielectric con- 
stant differs from the average dielectric constant, e, by Ae. Impinging 
on this blob is incident radiation from a transmitter and emerging 
from it is the scattered radiation. The energy scattered in the for- 
ward direction is a maximum and, as the scattering angle increases, 
the scattered energy decreases. From considerations of electromag- 
netic theory, it can be shown that the frequency and angular depend- 
ence of the scattering from a blob are interconnected. In particular, 
the average scattered power from a blob, P h , is proportional to 
(Ac/c)- k 4 S (k I sin 9/2), where (Ae/e) 2 is the mean square of the 
refractive index variations (this might be referred to as the intensity 
of the turbulence) and k = 2-n/X (A being the wavelength of the radia- 
tion) and I the dimension typical of the blob size. The function S might 
be called the scattering function. For l/X « 1 (which does not apply to 
radio scattering in the troposphere), the function S is a constant and 
the scattering is called Rayleigh scattering, which has the character- 




Fig. 2 — The angle dependence of scattering from a blob. 
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istics of being independent of angle and having an 1/A 4 frequency 
dependence. For l/X » 1, a condition which is satisfied in the phe- 
nomenon of radio scattering in the troposphere, the functional form 
of 5 must be determined either from experimental data, especially 
data bearing on the frequency dependence of the scattered radiation, 
or by an analysis of the hydrodynamics of atmospheric turbulence. 
This latter point is discussed later. 

Another important property of the scattering function is that it 
represents the normalized three-dimensional Fourier transform of the 
autocorrelation function of the dielectric constant fluctuations. If we 
represent the autocorrelation function by N(p) defined by 



where \k \ = 2k sin 6/2. Thus, a knowledge of S implies a knowledge 
of N(p). This relation between S and N has received considerable 
attention in the literature.* 

The experimental data gathered over many years over many differ- 
ent scatter paths and throughout the frequency band of 50-5,000 
megacycles suggest that there is a frequency dependence proportional 
to wavelength. 3 Since the scattering angle, 0, is quite small throughout 
the important part of the scattering volume, the sine function may 
be replaced by its argument and S becomes proportional to (JclO) _r \ 
Furthermore, since the scattering angle, 0, is proportional to the path 
length between the transmitter and receiver, the functional form of 
S plays a significant role in determining the distance dependence of 
the scattered signal. However, the 0~ 5 relation does not adequately 
explain the experimentally measured distance dependence. In order 
to accommodate the experimental data as to both frequency and dis- 
tance dependence, one must also assume that the intensity of turbulence, 
(Ae/e)-, decreases with height with somewhere between an h,- 1 and 
h~- dependence. 4 This is consistent with data obtained by von Rosen- 



* See, for example, References (1) and (9). 

3 K. Bullington, "Characteristics of Beyond the Horizon Radio Trans- 
mission/' Proc. I.R.E., Vol. 43, p. 1175, October, 1955. 

4 W. E. Gordon, "Radio Scattering in the Troposphere," Proc I.R.E., 
Vol. 43, p. 23, January, 1955, 



N( p ) =AT( r - r 0 = (Ac/c) (r, t) (&e/t) (V, t) 
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berg, Crain and Straiton, 5 of the University of Texas, using an airborne 
microwave refractometer, 6 - 7 an instrument which measures directly 
the dielectric constant of the air to which it is exposed. 

In the previous discussion on the distance and frequency dependence 
of the scattered signal, consideration was restricted to long time aver- 
ages of these quantities. Since the scattering phenomenon is related 
to atmospheric irregularities, there must be time variations associated 
with it. Broadly speaking, there are two general classes of fading 
associated with scattering, namely, "fast" and "slow" fading. The 
slow fading results from the gross changes of atmospheric conditions, 
changes which take place on a diurnal and seasonal basis. These slow 
signal level variations are presumably caused by changes in the mag- 
nitude of the intensity of turbulence and in its spatial distributions. 
It may also be caused by changes in the internal blob structure as 
defined by the autocorrelation function, N(p). To date, there has 
been little success in using weather information to predict radio signal 
data with any degree of accuracy on an hourly basis or even on a daily 
basis. There are, however, certain crude generalizations which may be 
made; summer signal levels average 10 decibels higher than those in 
winter, while midafternoon signals, when the atmosphere is reasonably 
well mixed, are 5 decibels or so lower than morning or evening signals. 
In addition, the longer scatter paths exhibit less variability over the 
year than the short paths. This is explained by the fact that the scatter 
volume for the longer paths is located at higher altitudes where there 
is less meteorological variability. 

The fast fading occurs because the total received signal is the 
phasor sum of many signals coming from different blobs in the atmos- 
phere. Since these blobs are in constant turbulent motion, the phase 
angles between the different signal components coming from the dif- 
ferent blobs are constantly changing. The resultant amplitude varia- 
tions are well described by a Rayleigh distribution. Another charac- 
teristic of the fast fading which is consistent with theory is that the 
average fading rate is proportional to path length and f n , where / is 
the frequency of the radiation and n lies between 2/3 and 1. According 
to theory, the time variations of the received signal due to a steady 



5 C. E. von Rosenberg, C. H. Crain, A. W. Straiton, "Atmospheric 
Reference Index Fluctuations as Recorded by an Airborne Microwave Re- 
fractometer," Elec. Eng. Res. Lab., U. of Texas, Report 6-01 (1953). 

0 C. Birnbaum, "A Recording Microwave Refractometer," Rev. Sci. 
Instr,, Vol, 21, p. 169, February, 1950. 

7 C. M. Crain, "Apparatus for Recording Fluctuations in the Refrac- 
tive Index of the Atmosphere at 3.2 cm Wavelength/' Rev. Sci. Instr. } 
Vol. 21, p. 456, May, 1950. 
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drift of the blobs as they are borne along by the wind would give rise 
to an / dependence, while the random self-motion of the blobs would 
contribute an dependence. A typical rate for the fading is one 
cycle per second over a 100 mile path at 1,000 megacycles. 

As stated earlier, the phenomenon of scatter propagation was dis- 
covered accidentally from experimental data. Then other experiments 
were carried out to define more accurately the distance and frequency 
dependence of the scattered radiation even before the theory became 
well established. For a summary of the experimental evidence, see 
Bullington. 3 By now, however, a reasonably accurate and consistent 
theory has been established and has been used to predict other import- 
ant parameters concerning scatter circuits before conclusive experi- 
mental evidence became available. Probably the first analytical esti- 
mates of system parameters on a scatter circuit were presented by 
Gordon, 4 who employed heuristic reasoning to obtain estimates of such 
parameters as the correlation distance between spaced receiving 
antennas, the height-gain function, and the bandwidth that the scatter 
medium can support with negligible distortion. Continuing with the 
same type of heuristic reasoning, Booker and de Bettencourt, 8 obtained 
estimates of the antenna-to-medium coupling loss, which is discussed 
later. Extensions of these ideas were presented by the present au- 
thor. 9 ' 12 In these references, more detailed mathematical formulas for 
many of the important scatter circuit parameters are given and, in 
addition, the effect of anisotropy* on these parameters has been 
incorporated. 

Bandwidth Capabilities of the Scatter Medium 

The bandwidth which the scatter medium can support without 
serious distortion is intimately related to the multipath delays which 
are experienced. These, in turn, depend on the effective size of the 



8 H. G. Booker and J. T. de Bettencourt, "Theory of Radio Trans- 
mission by Tropospheric Scattering Using Very Narrow Beams," Proc. 
LRJB., Vol. 43, p. 281, March, 1950. 

9 H. Staras, "Forward Scattering of Radio Waves by Anisotropic Tur- 
bulence," Proc. I.R.E., Vol. 43, p. 1374, October, 1955. 

10 H. Staras, "Diversity Reception with Correlated Signals," Jour, of 
Appl. Phys., Vol. 27, p. 93, January, 1950. 

11 H. Staras, "The Statistics of Combiner Diversity," Proc. I.R.E., Vol. 
44, p. 1057, August, 1956. 

12 H. Staras, "Antenna-to-Medium Coupling" Loss," Trans. I.R.E., PGAP, 
p. 228, April, 1957. 

* Anisotropy here refers to the fact that the characteristic length of a 
scattering blob in the horizontal dimension may be different from its length 
in the vertical dimension. 
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scatter volume. The effective size of the scatter volume is determined 
by a combination of antenna beamwidths and the beamwidths of the 
scattering blobs. Assuming for the moment that we have broadbeam 
antennas, a very large volume of air space above the horizons of both 
transmitter and receiver becomes visible to both (see Figure 3). 
Consider further, two points, I\ and P 2 from which scattering to the 
receiver takes place. From the geometry of the situation, it is evident 
that the scatter angle 0 2 , at the point P 2 is larger than the scatter 
angle 6 lf at the point I\. Since the scattered energy decreases as the 
scatter angle increases, the signal component decreases as the height 
above the intersection of the horizon planes between transmitter and 
receiver increases. By similar reasoning, it can be shown that as one 
moves away from the great-circle plane between transmitter and re- 
ceiver, the scattered energy also decreases. Thus, even when using very 
broad-beam antennas, there is an effective size to the scatter volume 




Fig. 3 — Effective size of scatter volume. 



which is much smaller than the volume within the beamwidths of the 
two antennas. Quantitative estimates of the size of the volume assum- 
ing isotropic scattering were first presented by Gordon. 4 He also showed 
that the longest time delay is introduced by the ray that travels to 
the receiver via the highest point in the scatter volume lying in the 
great circle plane rather than from the point at the edge of the volume 
perpendicular to the great circle plane. In other words, the vertical 
dimension of the scatter volume is the determining factor in the 
maximum time delay encountered. The effect of anisotropic turbulence 
as developed by the present author is to make the effective horizontal 
dimension even smaller than it is for isotropic turbulence, thus making 
it even more likely that the vertical dimension is the determining factor 
in the maximum time delay encountered. 

A qualitative physical description of the phenomenon of selective 
fading can be obtained by considering that the received signal arrives 
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over two paths, one via the shortest path through the scatter volume 
and the other via the longest path (i.e., passing through the upper 
edge of the scatter volume). Since the phase between these two rays 
is a function of frequency, the amplitude of the resultant signal is a 
function of frequency and appears as sketched in Figure 4. The sepa- 
ration between nulls is, of course, a function of time delay. On a 
scatter circuit using broad-beam antennas and neglecting the effect 
of aircraft in the scatter path, the frequency separation is approxi- 
mately Af = 30/d 3 , where A/ is measured in megacycles and d in 
hundreds of miles. Since the scatter medium is in constant turbulent 
motion, we assume that the curve in Figure 4 jitters back and forth 
along the frequency axis as a random function of time, i.e., the position 
where the maxima and the minima occur is a random function of time. 
If we now consider a fixed intermediate-frequency bandwidth in the 
receiver equal in magnitude to that indicated by BC, we would expect 




A FREQUENCY 8 

Pig. 4 — Bandwidth limitation due to multipath. 



no selective fading except when a null passes near or through the 
intermediate-frequency band. But, under these conditions, a substan- 
tial drop in signal would also occur and the diversity action in the 
receiving system would operate so as to attain a signal from another 
antenna, it being extremely unlikely that there, too, the received signal 
would pass through a null. On the other hand, if the bandwidth were 
as wide as AC, then the average signal level would remain reasonably 
high and even if diversity action did take place, it would be very likely 
that a null would also appear somewhere within the band at the second 
receiver, although at a different frequency. 

The above qualitative discussion also applies when narrow-beam 
antennas are used (i.e., antenna beamwidths which are narrower than 
the inherent beamwidth associated with the scatter phenomenon) or 
when aircraft are in the propagation path. The only difference is that 
the frequency separation between the nulls in Figure 4 becomes a 
function of the antenna beamwidths and the geometry of the path. 

Another interesting and useful way to look at the question of the 
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bandwidth that can be supported on a scatter circuit is to consider 
the correlation of the signal components at either end of the frequency 
band being used. If the correlation is high it means that the signal 
components are behaving essentially in unison and little or no distortion 
is expected. If correlation is low, then the signal components at either 
end of the band behave more or less independently and distortion is 
expected to occur quite often. Using the correlation approach just 
discussed, the present author arrived at the conclusion that the effective 
bandwidth of the medium is approximately A/ = 4/d 3 , where A/ is in 
megacycles, and d in hundreds of miles. In arriving at this conclusion 
it was assumed that no diversity was being used and that the antenna 
beamwiclths were broad compared to the beamwidth of the scatter 
medium. With the use of diversity, however, it is felt that the effective 
bandwidth of the scatter circuit may be as large as one-half to the 
full frequency separation between nulls on the sketch of Figure 4. 

Another interesting aspect of scatter propagation is the instanta- 
neous bandwidth of the system. 13 This subject may be approached by 
posing the following question. If it is known that one frequency com- 
ponent of a signal is at a certain level, what is the probability that 
another frequency component A/ away will be at least 3 decibels (or 
some other such criterion) different due to the effects of propagation. 
An analysis of this problem was made based on the following assump- 
tions: (1) fading followed a Rayleigh distribution, (2) diversity 
action could be ignored, and (3) distortion would result when propa- 
gation effects caused two signal components at opposite ends of the 
band to be more than 3 decibels apart for at least 1 per cent of the 
time. Based on these assumptions it was concluded that the instanta- 
neous bandwidth is a function of instantaneous signal level. For 
example, if one signal level is 10 decibels above its median, the scatter 
medium bandwidth is about four times as wide as it would be if that 
signal level were at its median. On the other hand, if one signal level 
is 10 decibels below its median, the scatter medium bandwidth would 
be about one-fifth as wide as it would be if the signal level were at its 
median. For the case of a signal level 20 decibels below its median, 
the bandwidth is even lower. This conclusion can be visualized quali- 
tatively from the amplitude-versus-frequency diagram shown in Figure 
4, where it is seen that at low signal levels only a fairly small frequency 
change is necessary to obtain a 3-decibel change in signal level. At 
high signal levels, a much larger frequency change is required before 
a 3-decibel change in signal level is obtained. 

13 "Study and Investigation of Tropospheric Scattering," Part A, Sec. 
5.2,1.1, Final Report performed for U. S. Army Sig. Corps. Eng. Labs, by 
RCA under contract No. DA-36-039-SC-64555. 
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Before discussing the experimental results bearing on this question, 
it should be pointed out that aircraft in the propagation path will 
modify the maximum usable bandwidth when the antenna beamwidths 
are broader than the beamwidth of the scatter medium. In this case, 
the maximum time delay is determined by the antenna beamwidths 
rather than by the scatter medium beamwidth and the maximum usable 
bandwidth may become smaller than the estimate given by either 
Gordon 6 or Staras. 9 In the case of aircraft in the path, the bandwidth 
(with diversity) may be taken as approximately one-half the reciprocal 
of the maximum time delay over the circuit. This must be determined 
from the geometry of the situation and the antenna beamwidths. 

Comparison with Experiment 

The first set of data to which reference is made is presented in an 
RCA report. 13 The data indicates that there exists appreciable pulse 
distortion and breakup (1.5-microsecond pulse) on a 153-mile path 
when broad antenna beams are used (about 5 degrees) . This distortion 
apparently occurs even when no aircraft are in the path but is almost 
always accompanied by a short-time fade of at least 10 decibels below 
the local median. This result is consistent with the earlier discussion 
on "instantaneous" bandwidth. 

The second experimental effort to which we make reference is that 
presented by Tidd, 14 who reported that on a 188-mile path, no distor- 
tion was discovered on a television picture so long as signal strength 
was high enough to permit viewing. Examination of his experimental 
setup, however, shows that a frequency of 5,000 megacycles was being 
used with 28-foot parabolic antennas at either end of the path. Since 
for this path length and antenna beamwidths a time delay of only 
0.01 microsecond is expected, it is not surprising that no bandwidth 
difficulties were encountered. 

Another significant experimental test of the bandwidth capabilities 
of the scatter medium was reported by Ames and Rogers. 15 In their 
test, Ames and Rogers observed the transmission of a commercial 
television test pattern from a distance of 196 miles. On the basis of 
observing about 600 photographs of the transmitted test pattern, they 
conclude that the scatter mechanism can support television bandwidths. 
However, a word of caution must be introduced concerning these con- 



14 W. H. Tidd, "Demonstration of Bandwidth Capabilities of Beyond- 
Horizon Tropospheric Radio- Propagation," Proc. I.R.E., Vol. 43, p. 1297, 
October, 1955. 

15 L. A. Ames and T. F. Rogers, "Available Bandwidth in 200 Mile 
VHF Tropospheric Propagation/' Trans. I.R.E., Vol. AP-3, p. 217, October, 
1955. 
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elusions because of what has here been called "instantaneous" band- 
width. It is to be noted that Ames and Rogers operated at a median 
signal level of about 7 decibels above threshold, but a signal level of 
at least 30 decibels above threshold is necessary to get a picture 
sufficiently good to determine whether or not there is a noticeable 
multipath distortion. It w T ould appear, therefore, that, by the very 
nature of their experiment, Ames and Rogers were able to measure 
the instantaneous bandwidth only when signal level was instantaneously 
high. From the earlier discussion, it was estimated that when the 
signal level is 10 decibels above the median, the bandwidth might be 
20 times greater than when signal level is instantaneously 10 decibels 
below the median. Thus, the data of Ames and Rogers might lead 
one to an overly optimistic estimate of the bandwidth capacity of the 
scatter medium. 

Another item of experimental evidence is presented in a report of 
the Pine Tree Project. 16 In this report there are two experiments 
pertinent to this discussion. In one, a 160-kilocycle tone was used to 
frequency modulate a transmitter. Substantial sidebands appeared 
out to about 1 megacycle from the carrier. The intermediate-frequency 
signal from the receiver was fed through a spectrum analyzer and 
instantaneous photographs taken of the spectrum. The report states 
that quite often there appeared a fade of 20-30 decibels in a band only 
several hundred kilocycles wide, and that this fade would move through 
the radio-frequency band of the transmitted signal. This particular 
test suggests that the effective bandwidth on this path (about 170 
miles) is only several hundred kilocycles wide without diversity. This 
result is consistent with the RCA results 13 on AM pulse distortion and 
is more in line with the estimate presented by Staras 9 (i.e., band- 
width ~4/cZ 3 , where bandwidth is in megacycles and d in hundreds 
of miles) rather than the estimate presented by Gordon 6 (i.e., band- 
width = 30/tf 3 ) . It should be emphasized, however, that these experi- 
mental results were obtained without diversity. Just how much di- 
versity would improve the bandwidth capabilities is still a moot 
question. 

The other experiment of interest in the Pine Tree Project report 
is the cross-talk experiment and the results presented in their Figure 
12. In this experiment a baseband from 40 to 120 kilocycles was noise 
loaded and used to frequency modulate a transmitter with peak devia- 
tions up to 2 megacycles. After transmission over a 150-mile path, 

10 H. J. von Baeyer, "Principles of Design and Operation of a Com- 
munication System Based on Tropospheric Scatter Propagation," report 
from Pine Tree Project Office, Ottawa, Canada, July, 1955. 
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the noise in an inactive channel was monitored and the cross-talk 
measured. The published curves in their Figure 12 indicated very 
little cross-talk added because of the propagation medium. Unfor- 
tunately, it would appear that this test cannot be used to draw signifi- 
cant conclusions concerning the bandwidth of the medium. It should 
be remembered from the discussion of instantaneous bandwidth that 
if a system encounters any bandwidth difficulties they are most likely 
to occur during a fade. A typical fade might last for a tenth of a 
second and occur only once every few seconds. The average cross-talk 
introduced by such a situation might hardly be measurable. It is of 
interest to note that in a verbal conversation, Dr. von Raeyer, the 
author of The Pine Tree Project report, indicated that he noticed 
occasional rises in channel noise simultaneously with a fade of the 
signal and these he did attribute to propagation bandwidth limitations. 

It is felt that the problem of bandwidth limitations is one of the 
more serious ones yet to be resolved by a concerted effort of both 
analytical and experimental investigations. An interesting detail of 
this problem concerns the question of an FM system in which case 
it would be highly desirable to decide conclusively by an appropriate 
analysis whether the bandwidth limitation refers to the baseband, the 
r-f band, or something in-between. 

Correlation Distances 

The correlation distance is the minimum spatial separation between 
antennas which will give rise to independent fading of the received 
signals. From a communications system standpoint, the significance 
of obtaining quantitative estimates of this parameter lies in the fact 
that space diversity is almost always utilized to obtain greater re- 
liability. Conversely, from measurements of correlation distances, some 
conclusions can be drawn concerning anisotropy in atmospheric tui'bu- 
lence. 

Estimates of the correlation distances in three mutually perpendic- 
ular directions (assuming isotropic turbulence) were first presented 
by Gordon. 4 More refined estimates, including the effects of anisotropic 
turbulence, were obtained by the present author. 9 From measurements 
taken by KCA, 13 it appears that the effects of anisotropy are present 
at all times. More specifically, the anisotropy parameter (which is 
defined as the ratio of the scale of turbulence in the vertical dimension 
to the scale of turbulence in the horizontal dimension) was measured 
to have a median value of 

This estimate of the anisotropy parameter was obtained indirectly 
by measuring the correlation between the signals received on two 
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spaced antennas as a function of the separation of the two antennas and 
then adjusting the anisotropy parameter so that the analytical curves 
match the data reasonably well. When the same procedure is used with 
Kurihara's data, 17 an anisotropy parameter of about Vs results. 

As might be expected the measured estimates of the correlation 
distances and the anisotropy parameter are highly variable. Variations 
in these parameters involving a factor of two or three from day to 
day or even from hour to hour are not unusual. A crude estimate of 
the separation, s, in either the vertical dimension or horizontal dimen- 
sion transverse to the plane of propagation required to give essentially 
independent fading is given by the formula s ~ k/9, where A is the 
wavelength of the radiation and 9 is the angle, measured in radians, 
between horizon planes from the transmitter and receiver. 

Antenna-to-Medium Coupling Loss 

A somewhat more important parameter than the correlation dis- 
tances discussed previously, and one which has been on occasion in- 
correctly evaluated from experimental data, is the antenna-to-medium 
coupling loss. This parameter was first evaluated by Booker and de 
Bettencourt 8 and later by Staras. 12 In the latter paper, curves are 
presented which permit evaluation of the coupling loss when non- 
conical, nonidentical antennas are used at either end of the scatter 
circuit and which also permit taking the anisotropy parameter into 
account. For equivalent conditions, Staras' estimate for the coupling 
loss is substantially lower than the estimate of Booker and de Betten- 
court. 

The coupling loss phenomenon arises from the fact that the scat- 
tered signal arriving at the receiver does not come from a point source 
but rather from an extended volume subtending a measurable solid 
angle at the receiver. Thus, if the transmitting antenna is very highly 
directional it will illuminate a volume of air space smaller than the 
effective size of the scatter volume when a broad beam antenna is 
used. Since the scatter volume is decreased when a very-high-gain 
transmitting antenna is used, the signal arriving at the receiver will 
not increase in the same proportion as it would under free-space 
propagation conditions. This difference between the free-space ex- 
pected gain of a highly directional antenna and its measured gain on 
a scatter circuit is called the antenna-to-medium coupling loss. 



17 Y. Kurihara, "Trans-Horizon Microwave Propagation Over Hilly 
Terrain," Proc. I.R.E., Vol. 43, p. 1362, October, 1955. 
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Conversely, if a very highly directional antenna is used on the 
receiving end of a scatter circuit, it will not "see" the entire effective 
scattering volume that is visible to a lower gain antenna. Again, the 
increase in signal will not be as large as under free-space conditions 
and again an antenna-to-medium coupling loss will be experienced. If 
two identical very-high-gain antennas are used on both ends of a circuit, 
the total coupling loss will be only a little larger than the coupling loss 
for any one of them individually. 

Comparison with Experiment 

Recent data from the Lincoln Laboratories of M.I.T. (unpublished) 
indicates that on the average, no noticeable coupling loss has been 
observed on a 618-mile path utilizing a 60-foot dish (frequency = 400 
megacycles) at the transmitting and while comparing a 60-foot dish 
with a 28-foot dish on the receiving end. For this particular situation, 
it is not possible to utilize the Booker-de Bettencourt 8 estimates 
properly since their estimates are for identical antennas at each end 
of the scatter circuit. However, their estimate for the coupling loss 
between two 60-foot antennas on this path is about 13 decibels, while 
the present author's estimate (Figure 2, Reference (12)) for this 
experiment is 2.5 decibels and appears to be more consistent with 
Lincoln Laboratory data. Furthermore, to evaluate experiments such 
as this one accurately, it is essential to be able to estimate coupling 
loss for dissimilar antennas at either end of the scatter circuit. 

Another source of interest in this connection is the Bell Laboratory 
data 18 obtained on a Labrador path. In this experiment, a coupling 
loss of 2.5 decibels was measured (650 hours of observations) at 4,000 
megacycles when a 28-foot transmitting antenna was used, and a com- 
parison between the received signal on a 5-foot and 28-foot antenna 
was made at the receiving end. For this particular situation the present 
author's estimate (as obtained from Figure 2, Reference (12)) is 
2 decibels. Again it appears to be in substantial agreement with 
experiment. 

Angular Diversity 

Recently the desirability of using angular diversity (or scatter- 
angle diversity) has been under consideration. The intriguing aspect 
of this type of diversity is that the diversity action can be achieved 

1S K. Bullington, W. J. Inkster, and A. L. Durkee, "Results of Propaga- 
tion Test at 505 mc and 4,090 mc on Beyond-Horizon Paths," Proc. I.R.E., 
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by use of only one large antenna at each terminal of a scatter circuit. 
The diversity action is achieved by the use of multiple radiators in a 
single reflector, each radiator giving rise to a narrow beam (i.e., 
narrow with respect to the beamwidth of the scatter medium itself) 
and these beams irradiate, or look at, different parts of the scatter 
volume. A simple two-dimensional schematic is shown in Figure 5. 
In the following discussion, it is explicitly assumed that all antenna 
beamwidths are broad in the horizontal dimension (i.e., in the dimen- 
sion perpendicular to the plane of the drawing). In Figure 5, both 
antennas are assumed to be sufficiently large in the vertical dimension 
so that any one radiator in the antenna structure will give rise to a 
pattern which is substantially narrower than the angle subtended by 
the effective scattering volume. Figure 5 shows two beams, T x and T 2 , 
originating at the transmitter and two beams, R 1 and R 2 , associated 
with the receiver. The diversity action is obtained by virtue of the 
fact that the T 1 R 1 propagation path is expected to behave independently 




Fig. 5 — Angular diversity diagram. 



of the T 2 R 2 path. A closer look at the situation reveals- the following. 
For a fixed amount of power available for the transmitter, about one- 
half of it would have to be put into each of the transmitter radiators 
(see Figure 5). The question then arises: Why not put the total 
available power into one antenna half the size (twice the beamwidth) ? 
The resulting power density in the scatter volume would remain the 
same. It would thus appear unnecessary to have an extremely large 
antenna with two radiators at the transmitting end. Consider now 
the merits of a very large antenna with two radiators at the receiving 
end. To be sure, the improvement of dual diversity will be realized 
in this case; however, the signal arriving at each radiator will have 
suffered a coupling loss and will be approximately equal to the signal 
strength received on an antenna half the size. The important decision 
to be made then is whether it is preferable to use one antenna sixty 
feet in diameter, say, with two radiators operating on angular diversity 
or two antennas thirty feet in diameter operating on the more conven- 
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tional space diversity. From this analysis it appears that angular 
diversity is not as exciting as a first estimate would indicate. 

Turbulent Mixing Theory and Radio Scattering 

During the past three years the most prominent progress in the 
theory of scatter propagation has occurred in the area of the hydro- 
dynamics of atmospheric turbulence. There are at the moment two 
popular and conflicting theories. One is known as the Obukhov Mixing 
Theory and its application to radio scattering is discussed by Silver- 
man 19 and Bolgiano. 20 The other is referred to as the Mixing-in- 
Gradient Theory. It was first presented by Villars and Weiskopf 21 and 
later extended by Wheelon. 22 Both of these theories recognize that 
humidity fluctuations are primarily responsible for the refractive 
index variations in the troposphere and temperature fluctuations pre- 
dominate in the stratosphere. Furthermore, in both theories, the 
analysis is fundamentally concerned with the spectrum of the turbulent 
irregularities, S (AO . Electromagnetic theory points out that the 
spectrum function, S, is the same as the scattering function mentioned 
earlier. Therefore, the scattered signal may be looked at as the result 
of applying a narrow-band filter centered about the point k I sin 0/2 
in the spectrum of the turbulence. The two theories, however, lead to 
different estimates of the frequency dependence of the scattered 
radiation. The Obukhov Theory indicates a A -1 / 3 dependence while 
the Villars-Weiskopf Theory yields a X dependence. On the basis of 
radio data only (i.e., no meteorological data is considered) the Villars- 
Weiskopf theory would appear to be more accurate. 



19 R. A. Silverman, "Turbulent Mixing Theory Applied to Radio Scat- 
tering," Jour. Appl. Phys.y Vol. 27, p. 699, July, 1956. 

20 R. Bolgiano, "Turbulent Mixing and its Role in Radio Scattering/' 
Cornell Univ. EE Report 334, Ithaca, N. Y., 1957. 

21 V. Villars and V. F. Weiskopf, "On the Scattering of Radio Waves 
bv Turbulent Fluctuations of the Atmosphere," Proc. LR.JZ., Vol. 43, Octo- 
ber, 1955. 

22 A. D. Wheelon, "Spectrum of Turbulent Fluctuations Produced by 
Convective Mixing of Gradients," Phys. Rev., Vol. 105, p. 1706, March, 1957. 
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A SOLID-STATE AMPLIFYING 



FLUOROSCOPE SCREEN*! 
By 

B. Kazan 

RCA Laboratories, 
Princeton, N. J. 

Summary — By using photoconductive and electroluminescent materials, 
a thiit solid-state panel has been developed which is comparable in form 
and size to the conventional fluoroscope screen. With X-ray intensities 
used in medical fluoroscopy, this produces a high-contrast image with a 
brightness of about one foot-lambert which can be viewed in moderate room 
light; however, seconds are required for image build-up. 

hi terms of dosage, 5 to 50 milliroentgens are required on the panel 
to produce the image. The bright picture persists for 30 seconds or longer 
with the X-rays cut off. Thus, when extended viewing of stationary images 
is needed, patient dosage is reduced compared to conventional fluoroscopy. 
By electrical means it is possible to erase the persistent image in a fraction 
of a, second. Using a shorter pulse of higher intensity X-rays, a transient 
image may also be recorded for extended viewing. 

Introduction 




URING the past decade a number of electron-tube devices have 
been developed for reducing the X-ray dosage and increasing 
the image brightness. 1-4 These have successfully demonstrated 



that a reduction in X-ray dosage of about 10 times 5 is possible without 
loss of information content from the fluoroscope screen, and that dark 
adaptation can be eliminated by the many orders of magnitude bright- 
ness increase. However, the complexity, bulk, expense, and operating 
problems associated in varying degrees with these systems have until 
now imposed limitations on their widespread use. 



* Manuscript received November 22, 1957. 

t Presented at the 58th Annual Meeting of the American Roentgen 
Ray Society, Washington, D. C, October 1-4, 1957; to be published in the 
Journal of that Society. The exhibit described in this paper was awarded 
first prize at the meeting. 

1 J. W. Coltman, "Fluoi*oscopic Image Brightening by Electronic 
Means," Radiology, Vol. 51, p. 359, September, 1948. 

2 R. H. Morgan and R. E. Sturm, 'The Johns Hopkins Fluoroscopic 
Screen Intensifieiy' Radiology, Vol. 57, p. 556 ? 1951. 

3 M. C. Teves and T. Tol, "Electronic Intensification of Fluoroscopic 
Images/' Philips Technical Review, Vol. 14, p. 33, August, 1952. 

4 J, E. Jacobs and H. Berger, "Large-Area Photoconductive X-ray 
Pickup-Tube Performance," Electrical Engineering " Vol. 75, p. 158, Feb- 
ruary, 1956. 

5 T. Tol, W. J. Ocsterkamp, and J. Proper, "Limits of Detail Percep- 
tibility in Radiology Particularly When LTsing the Image Intensifier," 
Philips Research Reports, Vol. 10, p. 141, April, 1955. 
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The objectives of the present work are to increase the image bright- 
ness and reduce the X-ray dosage by using solid-state techniques. This 
approach allows the retention of many of the desirable features of the 
conventional fluoroscope screen since it permits the construction of 
the entire amplifying system in the form of a thin, large-area panel 
which can be easily viewed and manipulated, and which is free of 
complex auxiliary equipment. 

The work described stems from earlier work on solid-state light 
amplifiers. r,J With such panels it was demonstrated that a very dim 
image of visible light could be intensified by more than 100 times. The 
success in obtaining large gains in radiant energy with panels com- 
parable in size to fluoroscope screens led to this extension of the work 
into the field of fluoroscopy. 

Principle of Operation 

The basic principle of the amplifier is shown in Figure 1, which 
depicts a single picture element. A photoconductor and an electro- 
luminescent phosphor are connected electrically in series, and a-c 
voltage is applied across them. Photoconductive materials have the 
property of increasing their conductivity when excited by radiation. 
When unirradiated, many of these materials act as insulators. When 
excited with low levels of radiation, they increase their conductivity 
by many orders of magnitude. Depending on the particular material, 
they are sensitive to different types of radiation such as visible light, 
infrared, or X-rays in varying degrees. Electroluminescent phosphors 
are materials which emit light when voltage is directly applied to them, 
with the color of the light depending on the composition of the 
phosphor. 

In the combination, the photoconductor acts as a valve or variable 
resistor controlling the flow of electrical power into the phosphor 
element. With sensitive photoconductors, a low-level X-ray beam can 
control a high level of output light. By comparison, in the case of the 
conventional fluoroscope phosphor, the output light is relatively low, 
deriving its energy from the conversion of the low-level energy in the 
X-ray beam. Using the amplifying principle, a picture device can be 
made with the materials in the form of thin layers. In Figure 2 the 
cross section of such an amplifier is shown in idealized form. Two 
adjacent layers are used with an opaque insulating layer between them 
to prevent output light from feeding back to the photoconductor. 

6 B. Kazan and F. H. Nicoll, "An Electroluminescent Light-Amplifying 
Picture Panel," Proc. I.R.E., Vol. 43, p. 1888, December, 1955. 

7 B. Kazan, "An Improved High-Gain Panel Light Amplifier," Proc. 
I.R.E., Vol. 45, p. 1358, October, 1957. 
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Fig. 1 — Single-element amplifier. 

Electrodes are provided on the outer surfaces, the electrode on the 
viewing- side being transparent to visible light. Since the layers are 
very thin, X-rays exciting a local area of the photoconductor cause 
a How of a-c current which is restricted to the adjacent phosphor area. 
This allows a pattern of X-rays to be converted to a pattern of light. 



Amplifier Design 

Because of the special properties of the photoconductive and electro- 
luminescent materials used, the actual panel design differs from the 
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Fig. 2 — Double-layer image intensifier. 
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idealized double-layer amplifier. Before describing the panel design, 
some of the properties of the materials will be discussed. 

The phosphor is a Zn(S:Se) copper-activated material 8 emitting 
a yellow-green light. Typical of most electroluminescent phosphors, 
it is in powder form bonded with plastic. For operation, such phosphor 
layers require a-c voltage to produce light. With d-c, there is only a 
negligible current flow and no light emission. Operation is possible 
over a wide range of audio frequencies, for example, from 60 to over 
10,000 cycles, with the light output increasing almost linearly with 
frequency in this range. Figure 3 shows a log-log plot of the light 
output as a function of voltage for a fixed frequency of 420 cycles. 
The slope shows the ligfit output to vary roughly as the third power 
of the applied voltage. 

The photoconductor is a CdS powder 9 also bonded with plastic. This 
powder was selected because it can easily be formed into uniform layers 
of arbitrary size and thickness. 10 In addition, it has a sensitivity to 
X-rays and light compar*able to the best photoconductive materials. 

Although the photoconductive powder can be operated with a-c 
voltage, its sensitivity is as much as 10 times greater when operated 
with d-c or pulsed d-c voltage. 6 - 7 Since the phosphor layer requires a-c 
voltage, being inoperative with d-c, this difference cannot be reconciled 
by the simple series circuit shown for the double-layer type of intensi- 
fier. One method of overcoming the problem is shown in Figure 4, 
which depicts a single amplifier element. Instead of a single photo- 
conductor, two smaller photoconductors are used, both of which are 
assumed to be equally irradiated. Bias voltages of opposite polarities 
are in series with the photoconductors, and an a-c voltage is across 
the entire combination. Since the bias voltages are equal to the peak 
a-c voltage, pulsating d-c voltages of opposite polarity are produced 
as indicated to the right. Because of the very nonlinear current- 
voltage characteristic of the photoconductor, the current pulses are 
narrow, as indicated by the dashed curves. Since the current pulses 
are of opposite polarity and phase, the phosphor element is charged 
positive during one half cycle and negative during the next half cycle. 
In this way the phosphor is excited with a-c while pulsating d-c voltage 



8 I. J. Hegyi, S. Larach, and R. E. Shrader, "Electroluminescence of 
Zinc Sulfo-Selenide Phosphors with Copper Activator and Halide Co-acti- 
vator,*' Jour. Electrochem. Soc, Vol. 104, p. 717, December, 1957. 

9 S. M. Thomsen and R. H. Bube, "High-Sensitivity Photoconductor 
Layers," Rev, Scl. Tnstr., Vol. 26, p. 664, July, 1955. 

10 F. H. Nicoll and B. Kazan, "Large-Area High-Current Photocon- 
ductive Cells Using Cadmium Sulfide Powder," Jour. Opt. Soc. Amer., Vol. 
45, p. 647, August, 1955. 
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Fig. 3 — Phosphor output light versus applied voltage. 
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Fig. 4— Amplifier element with biased a-c operation. 
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is used to obtain high sensitivity from the photoconductor. In practice, 
two rectifier elements can be substituted for the d-c supplies to obtain 
the pulsed d-c. Such operation is almost as efficient, requiring only 
an a-c voltage source. 

To use the pulsed d-c method of operation, the amplifier design 
shown in the cross section of Figure 5 is employed. For illustrative 
purposes the thickness of the layers is greatly exaggerated. As a base, 
a glass plate is used whose upper surface has a transparent conducting 
electrode. On this surface a thin layer of electroluminescent phosphor 
is deposited. The photoconductive layer is on the side facing the X-ray 
beam ; the layer has grooves cut into it and has narrow conducting lines 
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Fig. 5 — Cross section of amplifying fluoroscope screen. 



along the top. Between the phosphor and photoconductive layers are 
two other auxiliary layers. One is a thin opaque insulating layer to 
block feedback light from the phosphor. The other, called the current- 
diffusing layer, has a conductivity sufficient to allow current to flow 
from the photoconductor to the phosphor layer and from the base of 
a photoconductive ridge to its neighbor. At the same time the con- 
ductivity is not great enough to allow spreading- of the photocurrents 
more than about one groove width. 

By connecting the conducting lines into two interdigital groups, 
opposite polarity voltage pulses are applied to adjacent photoconductor 
ridges. The darkened areas of Figure 5 show a single picture element 
excited, with the two irradiated portions of photoconductor and the 
associated phosphor area corresponding to the single element of the 
preceding figure. 

Input-Output Characteristics 

When excited with an X-ray image the amplifier does not respond 
instantly but has a build-up characteristic determined by the photo- 
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conductive material. Figure 6 shows build-up curves of the amplifier 
output as a function of time for different levels of X-rays. These show 
that the time required to reach a specified light level decreases as 
the X-ray level is increased. For a given time of excitation, the output 
light can be determined as a function of input X-ray level from these 
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Fig. 6 — Light output versus time for various X-ray currents. 



curves. Figure 7 shows an input-output characteristic for a 10-second 
excitation of the amplifier. The input level is shown in terms of X-ray 
current and also milliroentgens per minute. For comparsison, the 
output light of a conventional fluoroscope screen (Patterson Type 
CB-2) is also plotted. The 45-degree slope of the conventional screen 
indicates its linear output. The much higher slope of the amplifier 
characteristic indicates it to have a gamma of about 3. These curves 
show the amplifier output to be as much as 100 times brighter than 
the conventional screen for equal levels of X-ray excitation. 

Examination of the amplifier characteristics with other exposure 
times shows that the output light level reached is a function of the 
milliampere-second product of the X-ray source. Figure S shows the 
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amplifier characteristic in terms of the milliampere-second input with 
a target-to-amplifier distance of 24 inches and a ^-millimeter alum- 
inum filter. The equivalent exposure of the amplifier in milliroentgens 
is also shown along the abscissa. The horizontal lines through the 
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Fig. 7 — Input-output characteristics of amplifier and conventional screen. 



curve show the range of experimental variations in input for a given 
output (neglecting the 9.5 and 20 microampere curves of Figure 6), 
As shown, an exposure of between 5 and 50 milliroentgens is required 
to excite the amplifier. By comparison, about 60 milliroentgens are 
required to obtain a density of 1 on medical X-ray film (Kodak Blue 
Brand). 11 At the conventional levels used in fluoroscoping a human 
chest (posteroanterior view) about 10 seconds of exposure are required 
for image build-up on the amplifier. The high gamma of the amplifier 
and its latitude are similar to the medical film used with calcium 
tungstate screens. The curve of this film is shown in Figure 9 for 
comparison, with the density and exposure in relative values. The 



11 R. B. Wilsey, "The Use of Photographic Films for Monitoring Stray 
X-rays and Gamma Rays," Radiology, Vol. 56, p. 229, February, 1951. 
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straight-line portion similarly has a high gamma, and the latitude is 
also about 10. 
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Fig. 8 — Light output versus X-ray dosage on amplifier. 



Decay Properties 

In addition to its build-up, the amplifier has long decay properties. 
This is shown by the curves of Figure 10 obtained by exciting the 
amplifier for a 1-second period with different X-ray levels. These 
curves show the amplifier output to decay slowly over a 15-30 second 
period. Because of internal heating of the photoconductor, the 200- 
milliroentgen curve, shown dashed, has a more rapid decay rate. The 
time of decay depends on the photoconductive material, in some in- 
stances being of the order of minutes. Because of this long decay, 
a picture previously excited can be viewed with the X-rays cut off. In 
such cases a fixed image can be observed for an extended time with 
a saving in dosage of X-rays. If the object being X-rayed is not 
stationary, a short pulse of X-rays can be used to produce a "tempo- 
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ig. 9 — Characteristic curve of medical X-ray film with calcium tungstate 
intensifying screens. 
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Fig. 10 — Build-up and decay for various X-ray input levels. 
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rary photograph" for extended viewing. Since in addition the high- 
lights of the output picture may exceed one foot-lambert, the image 
can be comfortably viewed with moderate room illumination. 

Because of the long decay of the bright image, the time-integrated 
light is relatively high. This is of interest in applications where the 
output of the screen is to be photographed. From the decay curves 
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Fig. 11 — Time-integrated light output of amplifier. 

the time-integrated light was determined, and in Figure 11 this inte- 
grated light is shown as a function of X-ray input in milliroentgens. 
By comparison, the integrated light output produced from a conven- 
tional CB-2 screen with the same excitation is also plotted. This shows 
the integrated output of the amplifier to be about 100 times that of 
the conventional screen at inputs of about 10-20 milliroentgens. How- 
ever, because of the high gamma of the characteristic and the rapidly 
decreasing output of the amplifier at low X-ray exposures, its advan- 
tage at these levels is reduced. With more sensitive materials and 
longer decay, it is hoped that the amplifier can be used for reducing 
the X-ray dosage in photofluorography. 
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Image Erasing 

Unless special erasing means are used, the long decay of the photo- 
conductor prevents the viewing of a new image for a period of many 
minutes or more. If the photoconductor is not allowed to decay suffi- 
ciently, the new image will re-excite portions of the old image. How- 
ever, by using a special property of the photoconductive powder, 
erasure of an old image can be accomplished in a fraction of a second 

100,- — , 
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Fig. 12 — Effect of voltage reversal on photocurrent decay. 

at any desired moment during the decay. The panel can then be used 
instantly for viewing a new image. 

Figure 12 shows the d-c decay curve of a photoconductive sample 
initially excited for a 1-second period. Although the decay current 
is shown up to 100 seconds, the current continues to drop slowly 
beyond this time. To reach the level of the lower dashed line an hour 
or more is required. If instead of allowing the photoconductor to 
decay normally, the applied voltage is suddenly reversed, the photo- 
current (neglecting the polarity change) instantly drops to a low 
level many orders of magnitude less than its normal level. As shown, 
the voltage can be reversed at an arbitrary time during the decay, 
driving the photocurrent down to the same low current level. Imme- 
diately after being erased the photoconductor can be excited again 
with an X-ray signal to a new current level. 

This type of erasing can be applied to the amplifying panel in 



www.americanradiohistorv.com 



AMPLIFYING FLVOROSCOPE SCREEN 



31 



several ways. The simplest method is to reverse the polarity of the 
bias voltages on the panel at the moment erasure is desired. With 
reversed polarity the panel can be then excited with a new X-ray 
image. For successive images, this procedure can be continued. 

In the voltage-reversal process a relation exists between the photo- 
current reached during excitation and the dark current level which 
results after voltage reversal. In some cases the higher the photocur- 



AUXILIARY PLASTIC 
ELECTROLUMINESCENT SHEET 
PHOSPHOR LAYER 



OPAQUE BACK COVER 



AC VOLTAGE £ 
(APPLIED FOR ERASING 
AND PRIMING) 



AMPLIFYING 
/ PANEL 




Fig. 13 — Arrangement for erasing image. 



rent the lower the dark current after erasing. Because of this, erasing 
by voltage reversal alone may be nonuniform or incomplete. An im- 
proved operation is possible with the arrangement shown in Figure 13. 
Here an auxiliary, thin electroluminescent layer on a plastic sheet is 
provided on the inner surface of the light-tight back cover of the 
amplifier. In operation, the X-ray image passes through the cover and 
the auxiliary phosphor layer. Since the phosphor layer is about 1 mil 
thick, its attenuation of the X-rays can be neglected. After the ampli- 
fier has been excited by the X-ray image and the picture viewed, erasing 
is accomplished by reversing the bias voltages connected to the photo- 
conductive grooves and simultaneously switching on the auxiliary 
phosphor to flood the photoconductor for a fraction of a second. The 
bias voltages are then reversed again, leaving the photoconductive 
layer at a uniformly low dark level over the entire surface. The ampli- 
fier is now ready to be excited with a new X-ray image. In some cases 
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the dark current level is so low after erasure that the panel has 
reduced sensitivity for a new image. This can be overcome by a 
priming action whereby the auxiliary phosphor layer is momentarily 
switched on again during or just preceding the excitation with the 
new X-ray image. 



Excitation by Fluoroscope Screen 
Since the photoconductive layer is sensitive to visible light as well 
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Fig. 14 — Spectral response curve of grooved photoconductor. 



as X-rays, the amplifier can be used to intensify the visible image of 
a fluoroscope screen. To avoid optical losses, the fluoroscope screen 
can be placed in contact with the photoconductive layer or, alterna- 
tively, the phosphor material can be deposited in the groove spaces of 
the photoconductor. Tests with the conventional screen and the ampli- 
fier indicate that about the same gain or slightly less is obtained by 
this method of operation compared to exciting the photoconductor. 
As shown in Figure 14 the peak sensitivity of the grooved photo- 
conductor is at about 750 millimicrons in the deep red, while the peak 
emission of the phosphor is at about 550 millimicrons in the green. 
The value of this type of operation is dependent on the future avail- 
ability of better matched new materials having comparable efficiencies. 

Resolution and Contrast Sensitivity 

The resolution of the amplifier is limited by several factors. Since 
the photoconductive layer has grooves cut into it with a 25-mil spacing 
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between centers, picture details smaller than this cannot be observed 
in the direction across the grooves. In order to absorb a large fraction 
of the X-rays and to efficiently control the output phosphor, the photo- 
conductive layer is made about 12 mils thick. This results in spreading 
of the photocurrents by roughly this amount along the grooves. Some 
loss in resolution is also caused if the current-diffusing layer has too 
high a conductivity. It is believed, however, that with improved 
design, amplifier panels can be made comparable in resolution to con- 
ventional fluoroscope screens. 

Because of its high gamma, the amplifier is potentially useful for 
detecting small variations in object thickness or density. However, 
with the experimental fabrication techniques presently used, non- 
uniformities in amplification over the surface limit the contrast sensi- 
tivity. With V2-inch-thick aluminum, large-area variations in thickness 
of about 6 per cent can presently be detected. It is believed that with 
improved techniques, lower limits can be reached. 

The output of an X-ray-excited 12-inch amplifier panel is shown 
in the photograph of Figure 15, Immediately above the amplifier is 
a conventional screen simultaneously excited with the same X-ray 
level. Because of its relatively low output, it is entirely dark in the 
photograph. For producing the image, a 5-inch-thick phantom of 
Presdwood* sheets was used between which were inserted a femur 
containing a Smith-Peterson nail as used for hip pinning, a hypo- 
dermic syringe, and a simulated section of intestine made of BaS0 4 
in plastic. In addition, a number of metallic objects were inserted, 
some of which extend into the area of the Patterson screen. The distal 
half of the femur was cut off and placed above, allowing the shaft to 
extend also across the conventional screen. A thin amplifying screen 
identical to the one shown in operation is held by the author. 

Summary 

The amplifying screen requires approximately the same X-ray 
exposure as Kodak Blue Brand medical X-ray film. Compared to the 
conventional fluoroscope screen, the output image is about 100 times 
brighter and has a gamma 3 times higher. In fluoroscoping a human 
chest, for example, an image of about .01 foot-lambert on a conven- 
tional screen is increased to about 1 foot-lambert on the amplifier. 
At the same time 2 to 1 variations in brightness of image details 
are increased to almost 10 to 1 variations by the amplifier. With its 
long persistence or storage the amplifier permits a stationary output 

* Registered Trade Mark. 
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image to be viewed for an extended time with the X-rays off. This 
enables a reduction in dosage of several times or more. 

Solid-state amplifying panels are relatively new devices. Although 
an accurate estimate of their ultimate possibilities is difficult, it is 
hoped that continuing research in the future will bring sufficient im- 
provements so that they can be used for the viewing of moving objects. 
For this purpose, however, several orders of magnitude of improve- 




Fig. 15— Photograph of amplifier screen in operation. 



ment in materials are possibly required. In addition to the long-term 
objectives, it is also hoped that the relatively smaller improvements 
occurring along the way will enable such amplifiers to gradually find 
uses in specific applications. 
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HOLLOW-CATHODE GLOW DISCHARGE IN 
MERCURY VAPOR*| 

By 

K. G. Hernqvist 

RCA Laboratories, 
Princeton, N, J. 

Summary — The hollow-cathode glotv discharge operates ivith a metal 
cathode having a spherical cavity and a small exit aperture. The main glow 
is situated inside the cathode cavity. This discharge has been operated in 
mercury vapor by keeping the inside of the cavity wetted with mercury. 
The volt— ampere characteristic does not exhibit any regions of negative 
resistance. An analysis based on the energy balance relation is shown to 
yield a. volt-ampere characteristic which is in good agreement with experi- 
ment. Microwave measurements of the plasma density also corroborate the 
analysis. These studies indicate that plasma- densities in excess of 10 }5 per 
cubic centimeter may be attained in this discharge. 

Introduction 



T 



^HE studies described in this paper were done as a part of a 
research program for generation of millimeter wave plasma 
oscillations. The natural frequency of electron oscillations of 
a plasma is given by the Langmuir-Tonks formula 1 

/ e =:90oo yiv; (1) 

where N is the number of electrons per cubic centimeter. Relation 
(1) has been tabulated in Table I for the wavelength range 1 to 3 
millimeters. It is seen that the plasma density necessary for this range 
is 10 14 to 10 13 per cubic centimeter. Such a plasma then could take 
the place of conventional r-f structures which become very small and 

Table I — Electron Plasma Frequency and corresponding 
Wavelength for Different Plasma Densities 

fe X N 

Mc mm cm — 3 

3 X 10 5 1 1.1 X 10 15 

2 X 10 5 1.5 5 X 10 14 

10 5 3 1.2 X 10 1 * 



* Manuscript received October 15, 1957. 

t This research was supported by the United States Army Signal Corps. 
1 L. Tonks and I. Langmuir, "Oscillations in Ionized Gases," Phys. Rev., 
Vol. 33, p. 195, February, 1929. 
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their construction troublesome in this frequency range. The practical 
problem of generating millimeter waves by electron plasma oscillations 
is threefold: (1) To create the high plasma density required; (2) To 
excite oscillations in the plasma; (3) To provide means to extract the 
r-f energy from the plasma. The first of these is the subject of dis- 
cussion in this paper. 

The problem of creating plasmas of densities as high as 10 14 to 
10 15 per cubic centimeter, which is a prerequisite for the success of 
this scheme for millimeter wave generation, has heretofore been given 
very little attention. A density of 10 13 per cubic centimeter is con- 
sidered extremely high for most gas discharge devices. Special types 
of discharge forms must therefore be sought for in which conditions 
for maintaining high plasma densities are satisfied. Furthermore, 
these discharge devices must have potentialities for incorporating 
means for plasma excitation and r-f power extraction. In practice, 
such a means for plasma excitation will consist of an electron stream 
from an auxiliary cathode either injected into the plasma or grazing 
its boundary. 2 " 6 In general this calls for a low gas density within the 
plasma region, preferably not appreciably exceeding the plasma density 
(corresponding to a pressure of the order of 1 millimeter of mercury). 
In cases where a high beam velocity is called for in the exciting electron 
beam, a further requirement of good vacuum in the vicinity of the 
auxiliary cathode must be satisfied. This inevitably calls for some 
means to provide a differential pressure within the tube. In general 
these requirements limit the plasma generation devices to low-pressure 
discharges. 

An attractive form of discharge for obtaining a high-density plasma 
is the hollow-cathode glow discharge. 7 The basic geometry of the 
hollow-cathode glow discharge is shown in Figure 1. The cathode 
consists of a metal body having a spherical cavity and a small exit 



2 H. J. Merril and H. W. Webb, "Electron Scattering and Plasma Oscil- 
lations," Phys. Rev., Vol. 55, p. 1191, June, 1939. 

3 A. A. Sluzkin and A. P. Maydanov, "Factors Determining the Intensity 
of Oscillations in the Plasma of Gaseous Discharge," Jour. Phys. U.S.S.R., 
Vol. 6, p. 7, January-February, 1942. 

4 E. B. Armstrong and K. G. Emeleus, "The Generation of High- 
Frequency Oscillations bv Hot-Cathode Discharge Tubes Containing Gas 
at Low Pressure," Proc. I.E.E., Part III, Vol. 96, p. 390, September, 1949. 

3 G. Wehner, "Electron Plasma Oscillations," Jour. AppL, Phys., Vol. 
22, p. 761, June, 1951. 

6 D. H. Looney and S. C. Brown, "The Excitation of Plasma Oscilla- 
tions," Phys. Rev., Vol. 93, p. 965, March, 1954. 

~ 7 A, D. White, "A Novel Form of Hollow Cathode and Its Discharge 
Characteristics," presented as paper D-4 at the Ninth Annual Gaseous 
Electronics, Pittsburgh, Pa., November, 1956. 
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aperture. When the discharge is operated, the main glow plasma is 
situated inside the spherical cavity with no visible glow at the outside 
surface of the cathode. This mode of operation has the following 
advantages: (1) Material sputtered away from the cathode surface 
is instantly redeposited on other parts of the cathode leading to a 
stable geometry and a very long tube life; (2) The plasma inside the 
cavity is well confined and of simple geometry; (3) Since the geometry 
essentially constitutes an electron trap for electrons emitted from the 
cathode, the kinetic energy carried by the electrons is effectively utilized 
for ionization; (4) Essentially all ions leaving the plasma contribute 
to the secondary electron emission process at the cathode surface. When 
operated with a noble gas this discharge requires quite a high gas 
pressure (of the order of 100 mm Hg) . This is a drawback from the 



ANODE 




SHEATH 

Fig. 1 — Cross section of basic structure for hollow cathode glow discharge. 

point of view of plasma oscillation excitation. It is the purpose of this 
paper to describe a special form of the hollow-cathode glow discharge 
which is operated in mercury vapor and in which the vapor pressure 
is high only within the spherical cathode cavity. 

Plasma Energy Balance Relation of Hollow-Cathode 
Glow Discharge 

The following simplified model of the hollow-cathode glow discharge 
will be analyzed based on an energy balance equation for the glow 
plasma: The main plasma located within the cathode cavity is of 
uniform density and at a potential approximately equal to the anode 
voltage. It will be assumed that the plasma has spherical geometry 
and is separated from the cathode by a very thin positive-ion space- 
charge sheath. 
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The following symbols are used: 





anode voltage, 


Ia = 


anode current, 




ion current leaving the plasma and arriving at the cathode 




surface, 


h = 


electron current leaving the cathode, 


N = 


plasma density, 


Vi — 


ionization potential of the gas, 


e = 


electronic charge, 


v = 


plasma volume, 


k — 


Boltzmann's constant, 


T e = 


electron plasma temperature, 


c * = 


average Maxwellian ion velocity, 




ion plasma temperature, 


M = 


atomic weight of ions, 


A = 


total boundary surface of the plasma, 


a = 


ion-electron recombination constant, 


7 = 


number of electrons leaving the cathode per ion striking the 


cathode, 


fZ = 


diameter of spherical plasma. 



Referring to Figure 1, the energy balance for an observer in the 
plasma is as follows: The input power, I C V A , is the kinetic energy 
carried into the plasma per second by the electrons leaving the cathode 
after being accelerated through the ion space-charge sheath. The 
energy losses are (1) Recombination losses P roc , = aN-eVp, lost as 
heat and radiation; (2) Energy for generating ions I p V it ' (3) Energy 
carried away to the anode 8 by electrons leaving the plasma (2kT e /e)I A ; 
(4) Energy lost in exciting (but not ionizing) atoms P cx . This last 
energy is quite difficult to estimate but can be approximately repre- 
sented as a constant fraction, k, of the input energy, thus P ex = Kl c V A . 
Thus the energy balance equation reads 

kT 

I c V A = aNSeVp + l p V, % + 2 - - I A + kI 0 V a . (2) 

e 

Further, neglecting secondary processes which cause some electron 
emission at the cathode, I c = yl p and 

iA = h + i P = I p d + y)- (3 > 

8 G. Herrmann and S. Wagener, The Oxide-Coated Cathode, Vol. 2, 
Chapman and Hall Ltd., London, England, 1951, p. 78. 
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The average ion space current at the plasma boundary is equal to I v , or 

Nec n 



A=h 



(4) 



Inserting N from Equation (4) into Equation (2) and using Equation 
(3), one obtains 



(l- K )yMV(Hy) 
This relation can be written as 



2kT e 

(l + y) 

(5) 

(1-k) y 



where 



and 



V A = RI A + V Q , 



(1-k) 



(l-K)y eA%*a + y) 



2kT e 

Vt + (l+y) 



(6) 



(7) 



(8) 



For a range where the factors in Equations (7) and (8) do not 
change much with V A and I A , the idealized volt-ampere characteristic 
as given by Equation (6) is a straight line with slope R. Since the 
values of k and y are uncertain, comparison with the experimental 
results may be facilitated by combining Equations (7) and (8), yielding 



R = 



16V 0 av 



2kT e 

1 + (1 + y) eA*c* (1 + y) 

Assuming a spherical geometry and y < 1, and inserting 



(9) 



Cp = 1.455 X 10 4 



p 
M 



\N\N\N., 
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V 0 aM 

one obtains R ss 2.5 X 10™- -• (10) 

2kT e \ 

Further, it is of interest to find the relations between the different 
energy sinks. Of the total power input to the discharge, I A V A) a large 
fraction (approximately 1 — y according to Equation (3)) is carried 
into the cathode by the ions. This results in cathode heating, evapora- 
tion, sputtering, and secondary electron emission. Only a fraction 
equal to y of the input energy is carried into the plasma. Equation 
(2) can be written as 

where 

2kT e 
e 

Using Equations (7) and (8) it can be shown that 



■1. (12) 



Thus recombination losses, P roc , equal diffusion losses, P (U rr, when 
V A -~=2V 0 . Further, 

2kT c 
Pmt e 

(13) 

Po, y*v A 

The plasma density determined by Equation (4) can be written as 

4/ p /w nr i A 

N ~ = 1.72x10^ A -J p = 1.72 X 10" i/- (14) 

where J p is the ion current density at the cathode. J p is related to the 
electric field at the cathode, 9 E c , by 



fJ S. S. Mackeown, "The Cathode Drop in an Electric Arc," Phys. Rev., 
Vol. 34, p. 611, August, 1929. 
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(15) 



It has been found 10 that glow-to-arc transitions usually occur when E c 
exceeds a value of about 9 X 10 5 volts per centimeter. Thus from 
Equations (14) and (15) the upper limit for the plasma density is 



= 0.43X10^0 (T p V A )-V*. 



(16) 
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Fig. 2 — Schematic drawing of tube and circuits for study of the volt-ampere 
characteristic of the hollow cathode glow discharge. 

Experimental Studies of Hollow-Cathode Glow Discharge 
in Mercury Vapor 

Description of Tube 

The tube used in these studies is shown schematically in Figure 2. 
The tube is continuously pumped and consists of two chambers, the 
upper, high-vacuum chamber and the lower, glow-discharge chamber. 
The two chambers are separated by a stainless-steel disc and commu- 
nicate only through a 2-millimeter-diameter hole. A high-voltage 
electron-gun assembly which is surrounded by a liquid nitrogen cold 
trap is located in the upper chamber. The lower chamber contains 
the hollow cathode which is partly immersed in a mercury pool. The 
cathode is machined of nickel and has a spherical cavity of 4-millimeter 
diameter. The exit aperture has a diameter of % millimeter. At the 
bottom of the cavity is a narrow feed tube. The inside of the cavity 



10 W S. Boyle and F. E. Haworth, "Glow-to-Arc Transition," Phys. 
Rev., Vol. 101, p. 935, February, 195G. 
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and feed tube are prewetted with mercury. The cathode communicates 
with the mercury pool so as to provide a mercury film on the inside 
of the cavity continuously replenished through the feed tube. The plate 
separating the two chambers also serves as the anode for the glow 
discharge. 

Several kilovolts potential can be applied between the cathode and 
the anode without starting a discharge. However if a high-voltage 
electron beam (e.g., 15 kilovolts beam voltage and 0.5 milliampere beam 
current) is fired through the exit aperture into the cavity, the local 
vapor pressure within the cavity is raised and a hollow-cathode glow 
discharge starts. A very bright glow is present within the cavity. 
There is no visible light on the outside of the cathode except a very 
faint glow whfre the current is conducted from the exit aperture to 
the anode. Once fired, the discharge is sustained when the high-voltage 
beam is switched off. 

Volt-Ampere Characteristic 

The volt-ampere characteristic of the hollow-cathode glow discharge 
was swept out at a 60-cycle rate using the circuit shown in Figure 2. 
Figure 3 shows the characteristic replotted from an oscilloscope picture. 
The theoretical relation given by Equation (6) is fitted to the experi- 
mental curve yielding values of ^ = 1,070 ohms and V 0 — 560 volts. 
As seen from Figure 3, the experimental curve is quite well represented 
by Equation (6). Assuming 11 y < 1, T c = 10,000°K, T p = 400°K, 
Vi = 10.4 volts for mercury, d ~ 0.4 centimeter, and taking the experi- 
mental values for V 0 and R, Equation (10) yields a value for the 
recombination coefficient « = 7xl0~ 9 cubic centimeter per second. 
Considering the assumptions made in the analysis, this can be con- 
sidered a good agreement with a = 2.3 X 10" 10 found by Mohler 12 
and « — 5.5 X 10" !) found by Dandurand and Holt. 13 

For comparison of the various losses of energy, a knowledge of y 
for mercury ions is essential Measurement of y for mercury ions on 
mercury 11 indicates that y is of the order of 0.1 or less for voltages 
of interest. Thus it is seen that 90 per cent or more of the total power 
input to the tube is dissipated in the cathode. The other 10 per cent 
is delivered to the plasma and is lost due to recombination, diffusion, 



11 M. Schwarz and P. L. Copeland, "Secondary Emission by Positive 
Ion Bombardment," Phys. Rev.., Vol. 96, p. 1466, December, 1954. 

12 F. L. Mohler, "Recombination in the Afterglow of a Mercury Dis- 
charge," Joiu\ Res. of the National Bureau of Standards, Vol. 19, p. 559, 
November, 1937. 

13 P. Dandurand and R. B. Holt, "Electron Removal in Mercury After- 
glow," Phys. Rev., Vol. 82, p. 868, June, 1951. 
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and excitation. Since k is probably 14 of the order 0.2, Equation (13) 
indicates that P ex is of the same order of magnitude Finally, 
Equation (12) indicates that over the current range shown in Figure 
3, P TGC does not exceed 0.3 X Pam- The relative magnitude of these 
different energy sinks is shown schematically in Figure 4. 




1000 

v A VOLTS 

Fig. 3 — Volt-ampere characteristic of hollow cathode glow discharge. 



Plasma Density Measurements 

The theoretical expression given by Equation (14) relating plasma 
density, N, to discharge current, I At is plotted in Figure 5 for mercury, 
assuming T p = 400°K. In Figure 5 the electron plasma frequency, f e , 
from Equation (1) is also shown. 

One method of measuring the plasma density is through the use 
of microwave techniques. It is well known that a plasma becomes 
nearly opaque to a microwave signal whose frequency, /, is lai'ger 
than the electron plasma frequency, f e (= 9,000 \/N) . This fact allows 

14 E. O. Johnson, "Studies of Externally Heated Hot Cathode Arcs, 
Part IV— The Low-Voltage Form of the Ball-of-Fire Mcde (The Low- 
Voltage Arc)," RCA Review, Vol. XVI, p. 498, December, 1955. 
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plasma density measurements to be made in a range where available 
signal sources cover the corresponding plasma frequency range. The 
problem of microwave propagation through a plasma has been dealt 
with by several workers. 15 ' 17 The essential facts that have come out 
of these studies are: 



U-/)V A I A ,LOST IN CATHODE 



"~ }P ex EXCITATION LOSSES 
y VaU } p diff DIFFUSION LOSSES 

. X > P rec RECOMBINATION LOSSES 

Fig. 4 — Diagram showing relative magnitude of different energy sinks for 
hollow-cathode glow discharge. 

(1) For / ^ f c , the plasma is almost opaque; 

(2) For / < f cy the plasma is transparent; 

(3) For / nearly equal to but less than j CJ the transparency of 
the plasma depends strongly on the collision frequency of 
the plasma. 

When the plasma frequency is less than the signal frequency, the 
behavior is essentially that of a spherical cavity filled with a dielectric 
whose dielectric constant is 



15 C. G. Montgomery, 11. H. Dicke, and E. M. Purcell, Principles of 
Microwave Circuits, McGraw-Hill, New York, New York, 1949. 

10 L. Goldstein, "Electrical Discharge in Gases and Modern Electronics," 
Advances in Electronics and Electron Physics, Vol. Ill, Academic Press 
Inc., New York, New York, 1955. 

17 H. Steele and P. Walsh, "Effect of Moving Striations on Microwave 
Conductivity of a Coaxial Discharge," Jour. Appl. Phys., Vol. 25, p. 1435, 
November, 1954. 
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(17) 



where / is the signal frequency. The resonant frequency, /,., of the 
cavity filled with a plasma 18 is given by 



/ r - = / c - + /o-> 



(18) 




10 100 
L MILLIAMPERES 



Fig'. 5 — Plasma density, N, and electron plasma frequency, f c , as functions 

of anode current. 



.where f {) is the resonant frequency of the resonator without plasma. 
The effect of the plasma is thus to increase the resonance frequency. 

Figure 6 shows schematically the experimental setup used for 
measuring the plasma density of the hollow-cathode glow discharge. 
A microwave signal from a klystron source (QK-295) was transmitted 
through the cathode cavity to a bolometer detector using RG 98/U 
waveguide components. The cavity is provided with slits and tapered 
waveguide sections for transmission of the microwave signal. The 



ls O. Schumann, "Uber Spharische Elektromagnetische Eigenschwing- 
ungen in Raumen, die Plasmen Enthaltcn," Zeitschr. fur Naturf., Vol. 4a, 
p. 480, August, 1949. 
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resonance frequency of the empty cavity (diameter = 4 millimeters) 
is 66 X 10° cycles for the TM 101 mode. The signal frequency used was 
56 X 10° cycles, which is far from the resonance frequency. The trans- 
mission of the signal through the cavity is thus simply due to leakage 
through the cavity, and from Equation (18) it is seen that no resonance 
effects will occur due to the plasma detuning the cavity. In the experi- 
ment, the signal frequency was held constant at 56 X 10 9 cycles and 
the signal amplitude modulated by a 1,000-cycle square wave. The 
detector signal was fed through an amplifier and displayed on an 
oscilloscope. The discharge current was varied from zero to a high 
value at a 60-cyele repetition rate. The horizontal sweep of the oscillo- 
scope displaying the detector signal was proportional to the discharge 
current. Figure 7 shows an oscillogram of detector signal versus 
discharge current. Complete cutoff of the transmitted signal occurred 




Fig. 6 — Schematic diagram showing experimental set-up for plasma-density 
measurements on hollow-cathode glow discharge. 



at a discharge current of 15 milliamperes. The remaining amplitude 
at higher currents is due to leakage of the microwave signal outside 
of the cavity. This experiment then yields one point on the plasma 
frequency versus discharge current curve. It is seen in Figure 5 that 
the experimental point agrees quite well with the theory. The good 
agreement between theory and experiment both for the volt-ampere 
characteristic and for the density measurements would seem to make 
the extrapolation of Equation (14) to higher currents permissible. 
Discharge currents up to 400 milliamperes have been drawn without 
arcing. This indicates the plasma densities in excess of 10 lr> per cubic 
centimeter (f e = 300 X 10 !) cycles) may be obtained in the hollow- 
cathode glow discharge. The maximum plasma density predicted by 
Equation (16) is about 10 1G per cubic centimeter. Glow-to-arc transi- 
tions occurred at lower values of plasma density at the sharp edges 
of the exit aperture. 
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Collision Frequency 

An important parameter of the plasma for millimeter wave plasma 
oscillations is the collision frequency, f c . This determines the r-f losses 
of the plasma. The collision frequency is given by 

f c = — , (19) 
X 

where ~c c is the average electron velocity in the plasma and \ is the 
electron mean free path. For mercury/ 9 A = 0.015 centimeter at a 
pressure of 1 mm Hg. An electron temperature of 10,000°K, yields 
c e = 6.23Xl0 7 centimeters per second or, from Equation (19), 

f c = 4 x 10 9 V, (20) 




Fig. 7 — Oscillogram showing transmission of a 56,000-megacycle microwave 
signal through the plasma as a function of discharge current 

where p is the vapor pressure in mm Hg. The pressure p can be esti- 
mated from the evaporation rate at the cathode. Assume that the 
power input to the cathode resulting in evaporation is P e . If rj is the 
energy required to evaporate one atom of mercury from the cathode 
surface, then the particle flux from the cathode surface is P c /??. The 
particle flux from the gas into the cathode is 1/4 AN c where A is the 
cathode area, N is the particle density of the gas, and c the average 
thermal velocity of the gas. In equilibrium 

Pc 1 

= AN C, 



V 



4 



4P C 

N = -. (21) 

t] A c 



19 K. T. Compton and I. Langmuir, "Electrical Discharges in Gases," 
Rev. Mod. Phys., Vol. 2, p. 123, April, 1930. 
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For the conditions used in the experiment described in the previous 
section P c = 60 watts, A — 0.5 square centimeter, and c^2x 10 4 
centimeters per second. Further, rj — 1.13 X 10" 19 joule for mercury, 20 
yielding N = 2x 10 1T per cubic centimeter. This corresponds to a 
vapor pressure of about 5.6 mm Hg. Thus from Equation (21) 
/ c = 22 X 10° cycles. 

One way to obtain an experimental value for f c is to examine in 
detail the curve of Figure 7. This, however, requires knowledge of 
the uniformity of plasma density as well as the type of wave propaga- 
tion through the plasma. The relatively broad cutoff characteristic of 
Figure 7 may be partly due to a high collision frequency. 
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20 T. B. Douglas, A. F. Ball, and D. C. Ginnings, "Heat Capacity of 
Liquid Mercury Between 0° and 450° C; Calculation of Certain Thermo- 
dynamic Properties of the Saturated Liquid and Vapor," Jour. Res. of the 
National Bureau of Standards, Vol. 46, p. 334, April, 1951. 
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SOME NEW STRUCTURE-TYPE TARGETS FOR THE 
VIDICON — AN ANALYSIS OF THEIR OPERATION* 

By 

S. A. Ochs AND P. K. Weimer 

RCA Laboratories, 
Princeton, N". J. 

Summary — Severe physical requirements are imposed on the photo- 
conductive layer used in the conventional Vidicon camera-tube target. In 
particular, its resistivity must be of the order of 10 x - ohm-centimeters for 
frame storage operation and its thickness must be sufficient to prevent 
capacitive lag. New Vidicon targets of a complex structure permit a relax- 
ation of these requirements on the photo conductor. Two types of targets 
are discussed: 

(1) An experimental "lateral- flow" stimcture in which the photo- 
current flows parallel to the target 'plane instead of transversely 
as in the standwrd Vidicon. 

(2) An experimental "bridge-type" structure in which each picture 
element provides an internal closed circuit so tliat the charge 
pattern is established independently of the scanning beam. 

Both types of targets can make rise of sensitive photoconductors 
having too low a resistivity for the standard Vidicon. An interesting 
feature of the bridge target is that it can be made self -discharging, thus 
removing the ttsual restrictions on beam imj^edance and target capacitance 
which apply for conventional targets. The full sensitivity of the photo- 
conductor cannot be utilized in the bridge target since only a fraction of 
the photo client appears as video signal. The efficiency of utilization of 
photocurrent is less for bridge-type targets of lower resistance. 

Structure-type targets are more difficult to fabricate than conventional 
layer-type targets. Experimental targets capable of several hundred lines 
resolution have been built. 



T 



Introduction 

"^HE sensitivity of photoconductive television camera tubes usu- 
ally falls considerably short of that obtained in simple photo- 
conductive cells. While such a difference is not surprising in 
view of the more sophisticated function of the camera tube, it should 
not be inherent. 

The usual approach to the camera-tube problem has been to choose 
the simplest possible target structure and then to search for a photo- 
conductive material suitable for this structure. As the following 
discussion shows, a thin layer of photoconductor deposited on a 
transparent conducting support, as now done, must satisfy rather 
precise requirements for camera-tube operation. Although this simple 
structure has many desirable characteristics, alternative approaches 



: Manuscript received October 15, 1957. 
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involving more complex structures may ease some of the requirements 
on the photoconductor and, in some cases, offer certain operational 
advantages. 

Early workers in television had considered various complicated 
structures for camera-tube targets. The present interest in structure- 
type targets arises from the recent development of techniques for 
depositing very fine strips of conducting and insulating materials. 1 
It is now possible to build targets of considerable complexity on a 
sufficiently fine scale to give adequate resolution for many purposes. 
Some of these structures provide a more favorable geometry for the 
usual mode of operation, while other structures permit entirely new 
modes of operation. 



SCANNING BEAM 



PHOTOCONDUCTOR 



\ 



TRANSPARENT 
CONDUCTING - 
COATING 



GLASS FACE PLATE 



Pig. 1A — Cross section of Vidicon target. 



Photoconductor Requirements for Standard Vidicon Target 

The target structure in the commercial form of Vidicon consists 
of a thin layer of antimony sulfide photoconductor deposited over the 
signal plate, a transparent conducting coating on the inside face 
of the tube (see Figure 1A). In the usual mode of operation, charge 
is stored on the surface of the photoconductor for the 1/30-second 
interval between successive scans; electrons from the low-velocity beam 
scanning the photoconductor land in sufficient quantity to maintain 
its surface potential near that of the gun cathode. The conducting 
signal plate is biased 10 to 100 volts above cathode potential so that 
a high field is built up across the thin layer of photoconductor. The 
resistivity of the photoconductor is sufficiently high in the dark that 
a very small amount of beam current landing on the target will balance 
the leakage current. 



1 P. K. Weimer, S. Gray, H. Borkan, S. A. Ochs and H. C. Thompson, 
"The Tricolor Vidicon — an Experimental Camera Tube for Color Tele- 
vision," (Abstract) Proc. I.R.E., Vol. 43, p. 370, March, 1955. 
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When light from the scene is imaged on the target, the increased 
current flow across the photoconductor causes the scanned surface to 
rise in potential. Conditions are chosen so that the potential rise in 
the brightest areas of the picture may reach several volts above cathode 
potential in the interval between scans. The thin layer of photocon- 
ductor is equivalent to an array of elemental capacitors in which the 
accumulated charge for each element is stored until it is neutralized 
by the scanning beam. The photoconductive layer should be thin 
enough that spreading of charge to adjacent elemental areas does not 
materially impair resolution. 

At the instant the beam deposits electrons to return the scanned 
surface to cathode potential, an equal number of electrons are released 
from the signal plate and flow out through the load resistor as video 
signal. A high-gain amplifier, connected to the signal plate through 
the coupling capacitor, C c , responds to the small voltage changes devel- 
oped across the load resistor, R L , by the video signal Alternatively, 
the video signal can be derived as in the image orthicon from an 



Fig. IB — Equivalent circuit for one element of Vidicon target. 

electron multiplier which collects the unused beam returning from the 
target. 

The equivalent electrical circuit for one element of the commercial 
Vidicon is shown in Figure IB. The photoconductive resistance is 
represented by r { in the light and r d in the dark, c is the capacitance 
existing between an elemental area S of the scanned surface and the 
signal plate. The photoconductive element is connected in series with 
a voltage supply V and an electron beam of resistance R B . The periodic 
arrival of the beam is represented by switch K which is normally open 
but closes momentarily each 1/30 second for a period of l/(30iV) 
second, where N is the total number of picture elements. The beam 
resistance is actually a nonlinear resistance whose value is a function 
of the potential of S relative to the gun cathode. When K is first closed, 
S may be 3 or 4 volts above cathode potential and R B would be several 
megohms, but as the surface potential approaches that of the cathode, 
R M increases toward infinity. In the qualitative discussion which fol- 
lows, a constant effective value of R n of 10 megohms will be assumed. 
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The load resistor which is very small compared to r d , and the stray- 
capacitance of S directly to ground which is much less than C, will 
be neglected. 

The following conditions must be satisfied for satisfactory charge- 
storage operation in the manner outlined above : 

1. The time constant for storage, given by the product r d c, must 
exceed 1/30 second in order to keep the dark current down to a practical 
value. In terms of the total photoconductive resistance (in the dark), 
R (h and the total target capacitance, C, where R d = r d /N and C = Nc, 
this condition is R d C > 1/ 30 second. 

2. The time constant for the charging of each element by the beam, 
given approximately by R B c, must be much less than 1/(302V) second, 
so that the beam can charge the target sufficiently in one scan; or, 
Rj.C < 1/30 second. 

3. The total charge stored by the target, given by NcV s (where 
V s is the desired potential rise of the scanned surface) must provide 
sufficient video signal I s to be much greater than the equivalent r-m-s 
input noise current of the preamplifier. 

Condition 1 sets a lower limit on the volume resistivity of the 
photoconductor. The product R d C for the photoconductor is equal to 
10~ 12 p d K/(Air) seconds where p d is its volume resistivity (in the 
dark) in ohm-centimeters and K is the dielectric constant. This is a 
function of the material alone and is independent of the thickness and 
area. Assuming a dielectric constant of ten, the resistivity required 
for a time constant of one second is 10 12 ohm-centimeters. A lower 
dielectric constant will require a higher resistivity for the same time 
constant. 

Condition 2 sets an upper limit for C at about two thousand micro- 
microfarads assuming an effective beam resistance of 10 megohms. 
This prescribes a thickness of not less than four microns for a target 
area of one square centimeter and dielectric constant of ten. A larger 
area target would require a thicker photoconductor for the same 
capacitance. 

Condition 3 sets a lower limit on C depending on the value deter- 
mined for minimum acceptable signal current. Owing to amplifier- 
noise considerations, the minimum value of I H is set at 0.2 micro- 
ampere. If the voltage swing of the target is restricted to ten volts, 
the minimum value for C is then about 600 micromicrofarads. If an 
electron multiplier is used, /, may be reduced considerably and the 
target capacitance may be a fraction of the above value. 

The advantages of the simple Vidicon target lie in its greater ease 
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of fabrication and its lack of any structure which would degrade the 
resolution of the picture. However, it is also true that: 

(a) A photoconductor dark-resistivity of 10 12 ohm-centimeter 
required by condition (1) has been difficult to attain with high-sensi- 
tivity materials. 

(b) To satisfy condition (2), the photoconductive layer may have 
to be too thick for optimum sensitivity or greatest ease of deposition. 

(c) The excessively high resistance of a low-velocity beam near 
cutoff potential causes a tendency for lag at low signal levels. 

The latter considerations led to the investigation of some basically 
new target structures which might ease the requirements on the photo- 
conductor. This approach was further encouraged by the development 
of highly sensitive photoconductive layers whose resistivity was too 




LIGHT +V 



Fig. 2 — Lateral-flow target structure. 

low for the standard Vidicon target. 2 In the sections which follow, 
new structure-type Vidicon target designs are proposed and evaluated. 

"Lateral-Flow" Targets 

General Description 

Structure-type targets in which the photoconductive current flows 
parallel to the plane of the target have been called "lateral-flow" targets. 
Many different target designs of this type are possible, a typical struc- 
ture being shown in Figure 2. 

The photoconductor in Figure 2 is deposited in a thin layer directly 
on a glass support, the usual transparent conducting coating being 
omitted. Narrow metallic strips, laid down by evaporation over the 
photoconductor, serve the same function as the signal plate in the 

- S. M. Thomsen and R. H. Bube, "High-Sensitivity Photoconductor 
Layers," Rev. Scl Instr., Vol. 20, p. 664, July, 1955. 
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standard transverse-flow target. These strips are connected to a com- 
mon output lead as indicated by the clotted lines and biased 10 to 20 
volts above cathode potential for low-velocity operation. A set of 
somewhat wider insulating strips is deposited over the signal strips 
to prevent the beam from landing directly on the signal strips. The 
beam charges the exposed portion of the photoconductor, labelled S, 
down to cathode potential thereby establishing a lateral field in the 
photoconductor between the signal strips and S. Light from the scene 
falling on the section of photoconductor having the lateral field causes 
current to flow, leaving area S several volts positive in the bright 
parts of the picture. Neutralization by the beam of the charge stored 
on S induces a video signal which may be extracted by collecting the 
return beam or by connecting an amplifier to the signal strips. It is 
assumed, of course, that the number of strips is sufficiently large not 
to limit the desired resolution. 

The equivalent circuit of Figure IB describes the operation of the 
lateral-flow target of Figure 2 as well as that of the conventional 
target. The conditions a lateral-flow target must satisfy for satisfac- 
tory charge-storage operation are the same as outlined earlier, but 
the relative ease of meeting them is modified by the altered geometry. 

The target capacitance, C, for the lateral-flow target of Figure 2 
is that existing between the total storage area, S, and the interleaved 
coplanar signal strips. Its value may be influenced more by the 
dielectric constant of the support plate than by the relatively thin 
photoconductor and may be smaller than that of a standard transverse- 
flow target by a factor of 10. The magnitudes for the capacitance of 
different types of lateral-flow targets cover a range which extends 
above and below the values obtained with the standard target. 

The total photoconductive resistance between the signal strips and 
the storage area S is, of course, strongly affected by the dimensions. 
R tl for a thin photoconductor can be made many times greater than 
would be obtained in a standard target with the same photoconductor. 

Applications 

Lateral-flow targets offer the following possible advantages in 
camera-tube design : 

(1) The storage-time constant, R d C, can be made much larger 
than is possible for a standard transverse-flow target using a photo- 
conductor of the same resistivity. This lowers the permissible dark- 
resistivity of the photoconductor to a value considerably less than 10 12 
ohm-centimeters. Lateral-flow targets can be readily built having a 
target capacitance external to the photoconductor, thereby offering 
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the possibility of raising the upper limit on maximum gain over the 
values which may exist 3 in conventional Vidicon targets. 

(2) The smaller target capacitance, C, here possible reduces capac- 
itive lag at low signal levels and permits more effective use of an 
electron multiplier. 

(3) The wide variety of photoconductor thicknesses and substrata 
permits the use of photoconductive materials and processing techniques 
not feasible in the more precisely defined standard target. 

Lateral-flow targets must be uniform and sufficiently fine to avoid 
deterioration of the transmitted picture. Also, owing to their greater 
complexity, they require more fabrication art than does the standard 
Vidicon. 

Bridge Targets 

General Description 

In contrast to the targets discussed thus far, bridge targets provide 
an internal closed circuit for each picture element permitting the 
photocurrent to establish a potential pattern independently of the 
scanning beam. Although the beam is modulated by the potential 
pattern,* it is not necessarily required to reduce the voltage of the 
scanned area to cathode potential or to carry the entire photocurrent 
as is customary. Many circuits are possible and many target structures 
have been proposed utilizing transverse or lateral flow of current or 
a combination of the two. 

Figure 3A shows the equivalent circuit of one element of a bridge- 
type target. The photoconductor resistance, r d in the dark and r x in 
the light, is connected in series with a fixed resistance r f across a 
voltage source 2V. The values of r d and r f are so chosen that in the 
dark the potential of the center S equals that of the gun cathode. In 
the light the potential of S rises due to the reduced resistance of r h 
causing a redistribution of charge in the capacitances c l and c 2 . The 
scanning beam will deposit charge on S depending on its potential, 
but need not reduce S to cathode potential since it will return auto- 
matically when the light is removed. 



3 A. Rose in a recent paper entitled "Maximum Performance of Photo- 
conductors/' Helvetica Physica Acta, Vol. 30, p. 242, August, 1957, has 
given a theoretical argument which indicates that the maximum photo- 
conductive gain in a ccnventional transverse-flow Vidicon target is unity 
for photocurrents not greatly exceeding the dark current. 

* It is assumed that the velocity distribution of the beam electrons 
covers an energy spread greater than that of the potential pattern on the 
target. 
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A cross-sectional view of a bridge target employing the circuit of 
Figure 3A is shown in Figure 3B. In this example, the photoconductor 
operates in transverse flow and the fixed resistor is a lateral-flow semi- 
conductor, but other combinations are possible. In Figure 3C, the 
fixed resistor is a portion of the photoconductor itself which is shielded 
from .the light by the opaque strips. The center, S, of the bridge is a 
thin layer of semiconductor connecting the variable and fixed resistors. 



1 
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Fig. 3A — Equivalent circuit of one element of bridge target. 
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Fig. 3B — Bridge-type target structure. 
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Fig. 3C — Bridge-type target structure. 



Analysis of Operation 

The chief benefits of bridge and lateral-flow targets are similar; 
they permit the use of photoconductors of relatively small dark- 
resistivity and they can reduce capacitive lag. A bridge target can 
have a high sensitivity without any charge storage, and it can be 
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designed to give zero signal current in the dark, regardless of the 
photoconductor resistivity. In addition, as mentioned above, the poten- 
tial of the storage area S of each element of a bridge target (see Figure 
3A) can change automatically in response to a change in illumination. 
If this change occurs sufficiently fast, such a target will reproduce a 
moving object as a series of separate, sharp images rather than the 
smeared-out picture which is produced when a tube stores charge 
throughout each frame time. 

The part of the photocurrent which flows through the fixed resist- 
ance of the bridge generates no useful output. Only the current deliv- 
ered to an element by the beam is available for producing the video 
signal. In the conventional Vidicon the useful current comprises the 
whole photocurrent produced by the target, while in a bridge target 
it may be a small fraction of the total. The question therefore arises 
as to the sensitivity realized by such a target. In particular, it seems 
desirable to compare the performance of a bridge target with that of 
a simple photocell using the same photoconductive element. The photo- 
cell circuit, consisting of the photoconductive resistance connected in 
series with a voltage source V and a current-measuring device, will 
provide the greatest change in total current which the photoconductor 
can contribute under a given amount of illumination. The photocell 
current is approximately equal to the corresponding current passing 
through the photoconductive resistance of the bridge target, i.e., the 
sum of the i's (Figure 3A) of all elements. 

We can now define the "efficiency" of a photoconductive target as 
the ratio of its signal current to the photocurrent passed, at the same 
light level, by the comparison photocell. A conventional Vidicon having 
full charge storage has a sensitivity close to that of the corresponding 
photocell. Its efficiency, therefore, is near unity. In Figure 4 the 
efficiency of the bridge target is plotted as a function of R d , the dark- 
value of the photoconductive resistance for the whole target. R f , the 
total fixed resistance of the target, is made equal to R^. The computa- 
tion was based on the equivalent circuit of Figure 3A, assuming 
practical operating conditions, with V equal to 10 volts and a 2-volt 
potential rise in the lighted area. The target was considered as scanned 
at low-velocity with the output signal taken from the modulation of 
the return beam. Curves were drawn for four values of the total target 
capacitance, C, the sum of the values of and c. 2 for the whole target. 
The details of the computation are outlined in the Appendix. 

Applications 

Bridge-type targets offer the following new features in camera- 
tube design: 
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(1) They permit the use of photo-conductors having dark-resistivi- 
ties lower than permissible in a simple lateral-flow structure and 
considerably lower than can be used in the conventional transverse- 
flow target of the commercial-type Vidicon. The efficiency curve of 
Figure 4 shows, however, that the low-resistivity materials must be 
capable of a sensitivity considerably exceeding that of high-resistivity 
materials, in order to make up for the inherently low efficiency of the 
bridge for low-resistance targets. Since it is possible to achieve higher 
sensitivities with materials of lower resistivity, the resulting bridge- 
type targets may still exhibit a higher operating sensitivity than a 
conventional Vidicon. 
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Fig. 4 — Efficiency, or ratio of signal current to photocell current, versus 
total dark resistance for bridge target. 

(2) The self-discharging feature of the bridge target frees the 
beam of its usual function of restoring each target element to a dark 
potential at the moment of scanning. The total target capacitance is 
no longer limited to the small values set by the beam resistance. This 
permits the target to be made unusually large or thin to suit the needs 
of the photoconductor. Another consequence is that the effective storage 
period can be reduced to less than a frame time. It thus may become 
possible to duplicate in a Vidicon the well-known image orthicon 
characteristic of reproducing a moving object as a series of discrete 
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images instead of as a smear. However, for rapid self-discharge, the 
photoconductive lag must be small and the internal time constant of 
the target must be less than 1/30 second. 

(3) The bridge target provides a simple way of producing a video 
signal corresponding to the difference between two signal patterns. 
For example, Borkan and Weimer 1 have proposed a bridge-type target 
in which each arm of the bridge is photoconductive and the video signal 
represents the difference between the signals which either arm would 
produce separately. The authors show that, with different lag charac- 
teristics in the two arms of the bridge, the resultant output signal can 
have less lag than the signal produced by either component separately. 

Bridge-type targets are more difficult to fabricate than conventional 
Vidicon targets and give poor resolution unless made in exceedingly 
fine structures. The techniques developed for depositing fine strips of 
conductors and insulators in the tricolor Vidicon 1 support the view 
that bridge-type targets with adequate resolution for many purposes 
could be produced. Operable targets of reasonable size yielding several 
hundred lines resolution have been built in the laboratory. However, 
much improvement in fabrication technique will be necessary to achieve 
targets which are of acceptable uniformity and freedom from defects. 

Appendix — Calculation of the Effective Sensitivity or 
"Efficiency*' of Bridge Targets 

In the equivalent circuit for an element of a bridge target, shown 
in Figure 3A, the action of the scanning beam is represented by the 
resistance R B in series with switch K. This switch closes once in a 
frame time t f for an elemental time t c . The representation of the beam 
by a fixed resistance is sufficiently accurate to give useful results. 

The operational cycle of such an element may be considered to begin 
at the moment when the beam has left the element, i.e., when switch K 
has just been opened. In the usual case, the center of the bridge is then 
near cathode potential (0 volts). During the following 1/30 second, 
S tends toward an equilibrium potential V(r f — Vi)/(Xf + The 
beam now returns to S for a time t c , deposits a certain number of 
electrons, and the cycle is repeated. 

The two parts of this cycle will now be expressed more quantita- 
tively. Between scans, the potential V s of S varies according to the 
relation 

4 H. Borkan and P. K. Weimer, "Differential Method of Lag Compensa- 
tion in Photoconductive Devices/ 7 RCA Review, Vol. XIX, p. 62, March, 
1958. 
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V s (t) ^SVe-vr + V— fl — e-'/^), (1) 

r f 4- t x 

where SV is the potential of S at the beginning of the cycle. The time 
constant T is equal to r f r l (c 1 + c 2 ) / (r f + r t ) . When the beam returns 
(at t=tj) f it finds S at the potential 

V/ = V 8 (t f ) =S7e-V r + V U (1 — e-V r ). 

r, + r, 

The initial beam current landing on the element is V//R n . This 
current approaches the equilibrium value V (r f — r z ) / (R B r f + R 1{ r t 
+ r ; r z ) with a time constant r = R B rp x c/ (R n r f + 7? w r z + r/r z ) . The 
signal current for a given element is then 

i s (t) = y _ (i — g-^/T), 

fl^r, 4- R B ri + r,r z 

and the average signal current during the elemental time t e , 

l r*. 

(%)nve. =" / t S (t)dt = 



t. 



1 r 



TV 

y — |(i-e-vo + y- 



The signal current for the target as a whole is equal to this value 
reduced by 20 per cent to account for the retrace time. 

The "efficiency" of a bridge target was defined before as the ratio 
of the signal current to the corresponding photocurrent (V/Rj— V/R d ) 
of a comparison photocell. Figure 4 is a graph of this ratio computed 
as a function of the total dark-resistance of the target, R d = r d /N, 
which equals the corresponding fixed resistance, R f = r f /N, The com- 
putation was done for four values of the target capacitance C = Nc 
and for the following operating conditions. A fixed beam resistance 
of 10 7 ohms and an elemental time of 10~ 7 second were assumed, 
y was taken as 10 volts, so that the total voltage applied across the 
bridge was 20 volts. For each value of R (h the magnitude of R r was 
chosen such that S rises to two volts between scans. In the dark, where 
R (t = R f , the signal current is zero. 

The proper values of R t were found in the following way. Targets 
whose time constant T is considerably shorter than the 1/30-second 
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frame time, reach their equilibrium potential between scans. This is 
the case if R } C is less than 10 -2 second. For these "self-discharging" 
targets, F/ is equal to two volts if R { = 2R f /S, regardless of the 
potential V s (t r ) at which the beam leaves each element. Targets 
which do not reach an equilibrium potential within 1/30 second require 
Ri < 2/^/3, so that a 2-volt potential rise occur between scans. For 
these cases the appropriate value of R x was determined from Equa- 
tion (1) with 87 assumed equal to zero. This assumption is not valid 
for the larger value of C for which the beam leaves S at a voltage 
considerably higher than cathode potential. If such targets are not 
self-discharging, lag results. The curves of Figure 4 were discontinued 
where this effect sets in. 
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DIFFERENTIAL METHOD OF LAG COMPENSATION 
IN PHOTOCONDUCTIVE DEVICES* 

By 



Summary — The slow response time often observed in devices utilizing 
photoconductivity may be caused by the slow rise and decay of conductivity 
in the photo conduct or ■, or by the RC time constant of the photoconductor 
in its associated circuit.. In imaging devices such as television camera tubes 
and light amplifiers , the lag is manifested by smearing of the image for 
moving scenes. This paper describes a, method for reducing the effective 
response time of the device regardless of the source of lag. By taking the 
difference of the signals from two photo conductive elements having unlike 
transient responses, a resultant signal t can be obtained having a faster 
response than either element alone. 

Measurements have been taken on pairs of Vidicons set up to view the 
same scene simultaneously. The lag-corrected video sigyial formed by the 
external combination of the two outputs showed improved speed of response 
with a moderate loss in signal. Similar results have been obtained with 
pairs of photo conductive cells. The method can also be applied to light 
amplifiers and to experimental camera tubes designed to yield a lag-corrected 
signal directly. 



EVICES employing photoconductive materials for transforming 



light energy into an electrical signal are often limited by a 



slow response time. Two primary sources of lag are encoun- 
tered: one due to the inherent response time of the photoconductor and 
the other due to the capacitance of the photoconductor in the associated 
circuit. The photoconductive lag, caused by the delay in change of 
charge carrier density with changes in light levels, varies widely from 
one material to another and is affected by such factors as temperature 
and intensity of illumination. The capacitive lag is specified by the 
product of the capacitance of the photoconductor and the resistance 
of the measuring circuit. A high-impedance circuit such as the scan- 
ning beam in a television camera tube together with a high-capacitance 
photoconductor, may increase the observed time lag considerably be- 
yond that due to photoconductive lag alone. Conditions imposed by the 
nature of the device or the properties of the photoconductor may pre- 
vent the RC product from being as small as necessary to avoid capaci- 
tive lag. 

Various methods for compensating for lag in television camera 
* Manuscript received October 15, 1957. 
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tubes and other imaging devices have been under investigation. By 
lag compensation is meant any basic change in design or method of 
operation of the device which will reduce the effective time lag to less 
than that expected from the characteristics of the photoconductor. 
Lag in imaging devices causes smearing of the image for moving 
scenes. Lag compensation will involve some reduction in the effective 
sensitivity of the device but the photoconductor sensitivities are often 
high enough that such a compromise can be advantageous. 

The differential method of lag compensation, which was first pro- 
posed many years ago by Korn 1 in attempts to improve the response 
of selenium cells, has apparently gone unnoticed in modern applica- 
tions of photoconductivity. The present paper describes the application 
of the method to imaging devices for the correction of both photo- 
conductive and capacitive lag. Measurements of lag compensation 




ABSORBER 

Fig. 1 — The basic circuit for differential lag compensation. 

using a pair of commercial photocells and a pair of photoconductive 
camera tubes have been made. The application of the method to a 
single camera tube is discussed. 

The Principle of Differential Lag Compensation 

Differential lag compensation is a method of producing an improved 
photoconductive response by taking the difference between two signals 
obtained by simultaneously illuminating two photoconductors having 
unlike response times. Figure 1 shows a simple bridge circuit in which 
the net current flowing through the load resistance, R, is the differ- 
ence between the currents in the two photoconductors, PC } and PC- 2 . 
The larger signal is produced by PC l and is assumed to have a typical 
photoconductive response to a short burst of light as shown by curve 
(1) in Figure 2. Curve (2) shows the current produced by PC 2 to 



1 A. Korn and B. Glatzel, Handbuch der Phototelegraphie und Telantn- 
graphie, Otto Nemnich, Leipzig, Germany, 1911. 
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be of smaller magnitude and to have relatively more lag. The total 
current flowing in R, given by curve (3), represents the lag-com- 
pensated difference signal. Curve (4) is the same as curve (3) except 
that its amplitude has been plotted on a larger scale in order to permit 
direct comparison of the original uncompensated signal (1) with the 
final lag-corrected difference signal. It is noted that both the rise 
and decay times have been decreased at the expense of a moderate loss 
in sensitivity. 

In order to yield an effective improvement in response without 
appreciable loss in signal, the signal to be subtracted must have more 
lag than the original uncorrected signal. This condition is readily 



LEGEND: 

1 - MAIN SIGNAL 

2 - AUXILIARY SIGNAL 

3- LAG COMPENSATED SIGNAL 

4 — GAIN ADJUSTED LAG COMPENSATED SIGNAL 

5- DARK CURRENT SIGNAL 



Fig. 2 — Typical improvement in response obtained by differential 
lag compensation. 

obtained by proper choice of photoconductors for PC X and PC 2 or by 
operating the same type of photoconductor under different voltage or 
light level. The improvement is most striking when the photoconductor 
response shows an initial rapid rate of change followed by a slow 
change which gradually approaches a steady value. Under these 
conditions the slow change (which is most objectionable in television 
camera tube applications) can be subtracted leaving the rapid com- 
ponent unaffected (See Figure 2). 

The lag compensation method can be applied to either photocon- 
ductive or capacitive lag or to combinations of the two. The subtrac- 
tion of two exponential decay curves representative of some cases of 
capacitive lag is discussed in the Appendix. 




2 



LIGHT ON 



LIGHT OFF 
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As the following section on measurements will show, the differen- 
tial lag-compensation method does not necessarily provide optimum 
compensation at all light levels. If conditions are chosen to give the 
best possible compensation in the brightest areas of the picture, the 
lower light levels may show less improvement. In general, a net im- 
provement could be readily observed in the television camera tube 
applications without critical adjustment of balance between the two 
signals. 

Measurements of Lag Compensation Using Two Photocells 

The basic characteristics of differential lag compensation were 
studied using two commercial CdS photocells, type 6694-A. The cells 
were connected as shown in Figure 1, but with convenient means for 
adjusting the voltages. A cathode-ray oscilloscope capable of slow 
sweep speeds was connected across the load resistor, R. The value of 
R was made small compared to the static photocell resistance which 
is of the order of 10° ohms in the dark and 10° ohms in the light. 
The two cells were mounted side by side and illuminated by a uniform 
source of light interrupted by a motor-driven slotted disc. In the tests 
made, the lag of PC 2 was made relatively larger than PC 1 by reducing 
its incident light with a neutral-density filter. Either cell could be 
used with the filter to compensate for the lag of the other, although 
it was desirable to select the faster cell for PC^ 

The typical improvement using two 6694-A cells is shown in Figure 
2, which was scaled from a multiply exposed photograph of the oscil- 
loscope. The gain-adjusted lag-corrected signal, curve (4), is shown 
here as a broader line; in subsequent photographs it is shown as the 
brightened oscilloscope trace. The rise of signal with light has been 
improved a moderate amount while the decay of signal when the light 
was removed has been improved quite markedly. The compensated 
signal decays to 10 per cent of peak 10 milliseconds after the removal 
of light as compared with 34 milliseconds for the uncompensated cell. 
This advantage was obtained at the expense of using a second cell 
and net reduction in signal level of about 45 per cent. 

Figure 3 shows a series of these photographs for various levels of 
illumination and two different fractions of light passed on to the 
auxiliary cells, 16 and 32 per cent compared with the amount on the 
main cell. The cell used for the main signal was a typical type 6694-A 
while the one used for the auxiliary signal was selected from several 
as having the greatest amount of lag. The photographs show that 
the improvement is apparent over the range of light levels tested, but 
was better at the higher levels. The same pair of cells was used in 
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tests with 5 to 100 per cent of light incident upon the auxiliary cell 
compared with the amount on the main cell, with some improvement 
resulting in each case. Adjusting the operating conditions of the two 
cells for optimum results was not critical. The above tests were made 
with the light-on and light-off periods each equal to 0.25 second. The 
lowest pair of photographs in Figure 3 was taken when the light was 
alternately on and off for 0.12, 0.06, 0.03 and 0.015 second. In each 
case faster response resulted indicating that the improvement is also 




LIGHT ABSORBER TRANS. LIGHT ABSORBER TRANS. 

16 % ILLUMINATION 32% 

I N f t C 

Fig. 3 — Relative response times for differential lag-compensated type 6694-A 
photocells under various levels of illumination and light absorber transmis- 
sions. (Refer to Figure 2 for curve identification.) 

independent of the length of time the incident light is on. 

The usefulness of the differential lag compensation method for 
photocells depends upon the required application. It would be most 
effective in cases where the long-term rise and decay characteristics 
must be minimized. It would be less suitable for high-speed applica- 
tions where a single conventional cell with associated circuitry to 
enhance the high-frequency response is adequate. If the differential 
method is required, the use of two separate photocells would probably 
be satisfactory in most cases. However, a single three-electrode photo- 
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cell for this purpose could be made by incorporating two crystals in 
a single encapsulation or by the use of large-area interdigitated or 
layered structures as shown in Figure 4. 

Measurements of Lag Compensation Using Two Vidicons 

To evaluate the application of differential lag compensation to 
image pickup devices, measurements were made using two conventional 
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(a) THREE ELECTRODE INTERDIGITATED PHOTOCELL. 
(PLAN VIEW) 
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(b) THREE ELECTRODE LAYER-TYPE PHOTOCELL. 
(END VIEW) 

Fig. 4 — Large-area photocell structures employing differential lag compen- 
sation, (a) Plan view of three-electrode interdigitated photocell, (b) End 
view of three-electrode layer-type photocell. 

Vidicons. Since the two tubes must be in optical and electronic registry* 
a modified three-tube color camera was used for the actual tests. 
Figure 5 shows a block diagram of the circuit arrangement used. The 
signal from each tube was amplified, the signal from the auxiliary 
tube was inverted, and the two signals combined to form a lag-compen- 
sated signal. Misregistry of the two signals would appear not only as 
lighter or darker edges around stationary objects in the picture but 
also as uncompensated edges surrounding a moving object in the scene. 
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Two types of tests have been devised to measure and compare lag 
in camera tubes. The first method is similar to the one used on photo- 
cells and employs an interrupted light source and an oscilloscope to 
display the transient response of the video signal. Since the vertical 
deflection rate in the camera differs from that of the a-c line, the 
motor which interrupts the light source was synchronized to the ver- 
tical deflection. 

The second type of test uses a motor to drive a wheel containing 
a white spot placed near the edge of a black background. By reflected 
light the camera views the rotating spot, but due to the lag the bright 
spot appears as a portion of an annular ring. By photographing the 
picture on the television monitor with an exposure time approximately 
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Fig. 5 — Two-Vidicon set-up for differential lag compensation. 

equal to one vertical period, a permanent record can be made and 
measurement taken of the number of degrees of arc displayed. Figure 6 
show r s the data taken for both methods of measuring lag. Two com- 
mercial Vidicons, type 6326, were used with two conventional pre- 
amplifiers. The two signals were combined in a two-channel matrix 
circuit which could add or subtract adjustable amounts of each signal. 

The differential method of lag compensation has been tested with 
commercial one-inch Vidicons containing a porous antimony tri-sulfide 
photoconductor as well as with experimental tubes employing the photo- 
conductor developed by Cope 2 for use in a one-half-inch Vidicon. This 
new photoconductor has higher sensitivity than the standard one but 
introduces capacitive lag when used in the one-inch target size. Fig- 

2 A. D. Cope, "A Miniature Vidicon of High Sensitivity/' RCA Review, 
Vol. XVII, p. 460, December, 1956. 
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Fig:. 7 — Measurements of signal decay using several types of Vidicons with 
differential lag compensation (dashed lines) and without compensation 

(solid lines). 
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ure 7 shows the improvement obtained by che differential method of 
lag compensation when light is removed. Three cases with and without 
compensation are plotted: (a) the commercial one-inch Vidicon type 
6326 with the standard photoconductor ; (b) the experimental photo- 
conductor in one-half inch size; and (c) the experimental photocon- 
ductor in one-inch size. A comparison of (a) and (b) shows roughly 
the same amount of lag in each case when uncompensated; about 20 
per cent signal remains after the fourth scan by the beam after the 
light has been removed. This compares to about the second scan for 
the same residual signal when compensation is applied in each case. 
Case (c) exhibits greater lag due to capacitance and reaches 20 per 
cent residual signal at about the fifteenth scan which is reduced to the 
fifth or sixth scan when compensation is applied. The differential 
method does not depend on the origin of the lag, but requires that the 
correction signal has relatively more lag than the main signal. These 
measurements show that approximately the same relative improve- 
ment is obtained with camera tubes as with photocells. 

Discussion of Tests of Lag Compensation with Two Vidicons 

The two-Vidicon tests of lag compensation were undertaken pri- 
marily to verify the principle involved for image devices and to 
ascertain that no unexpected spurious effects were visible in the 
reproduced picture. From this standpoint the tests were successful 
and seemed to indicate that the method might be incorporated success- 
fully into a single camera tube of the type discussed in the next section. 

A noticeable improvement in lag was readily achieved and relatively 
little difficulty was encountered in determining the proper proportion 
of signal in each channel. The increased lag in the auxiliary channel 
was obtained by adjusting the relative illumination on each tube, 
while signal gains were set for best compensation. The length of the 
white trail normally left by a moving white spot could substantially be 
reduced or made to turn black depending on the relative gains. "Burn- 
in" effects lasting many seconds, which give an illusion of transparency 
to objects moving in the foreground, could be greatly reduced. 

It should be stressed that the differential lag compensation method 
provides only an approximate correction for the low-light areas. Con- 
versely, if the optimum correction is set for the gray areas of the 
scene, the bright areas would be over-corrected and give a negative 
after-image. A satisfactory compromise yielding a net improvement 
could be reached for a given scene, but the failure to "track" might 
require some readjustment of relative gains for widely varying scene 
illuminations. 
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Further work would be required to determine whether a two-tube 
monochrome Vidicon camera incorporating differential lag compensa- 
tion would be of practical value. When the minimum scene illumination 
is set by the maximum tolerable lag, a means for reducing lag would 
permit lower scene brightnesses and effectively higher sensitivities. 3 
On the other hand, the following factors contribute to a loss of signal 
in the two-tube method : 

(1) Optical losses in the image splitting lens system; 

(2) Diversion of a fraction of the light from the main tube for 
the auxiliary tube; 

(3) The electrical subtraction process. 

The loss from these three causes will be at least 50 per cent. At the 
same time the subtraction process will increase the noise by about 
40 per cent, assuming each channel has the same gain. Although 
various methods have been proposed for reducing this noise and 
simplifying the preamplifier circuits, the two-tube camera will suffer 
a total loss in signal-to-noise ratio of at least three or four for the 
same light level. 



Single Camera Tubes Employing Differential Lag Compensation 

Techniques developed for constructing an experimental tricolor 
Vidicon 4 have opened up the possibility of building a monochrome 
camera tube having a target structure providing differential lag com- 
pensation. Although this work, at the present time, has not been 
carried beyond an early exploratory stage, several experimental target 
structures have been tested. Such targets can be divided into two 
classes: those which provide two output signals which must be ampli- 
fied separately and the difference taken external to the tube, and those 
which provide directly a single lag-corrected difference signal. The 
latter type is the more desirable and will be discussed first. 

Figure 8 is. a form of "bridge" target 5 whose output is propor- 
tional to the difference between the photoconductive signal generated 



* In one qualitative test an increase in light level by twenty times was 
required to reduce the lag in the uncompensated main channel to the same 
value as was obtained at the lower light level with compensation. 
{(rr , 4 P- Weimer, S. Gray, H. Borkan, S. A. Ochs and H. C. Thompson, 
• „ -tricolor Vidicon— an Experimental Camera Tube for Color Televi- 
sion, (Abstract) Proc. I.R.E.,, Vol. 43, p. 370, March, 1955. 

c f n S ' £: ,P chs and P - K * Wei mer, "Some New Structure-Type Targets 
for the Vidicon— An Analysis of Their Operations," RCA Review, Vol. 
XIX, p. 49, March, 1958. 
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in the part of the photoconductor labeled PC 1 and the part labeled PC 2 - 
Each picture element of the target has the equivalent circuit shown 
in Figure 1. The conducting tabs labeled S (which in some versions 
may be replaced by a continuous semiconducting layer) assume a 
potential in the dark corresponding to cathode potential. When light 
falls on a picture element, the photoconductive current over the positive 
strips tends to charge the surface S positively while the current over 
the negative strips acts to reduce the potential to which S can rise 
in a single scanning period. The video signal generated when the beam 
returns S to cathode potential is the lag-corrected signal representing 
the difference between the two currents which flowed in PC t and PC 2 . 



SCANNING 
BEAM 




^ < < 

LIGHT FROM SCENE 

Fig. 8 — Bridge target structure for differential lag compensation of a 
Vidicon-type camera tube. 



The photoconductor PC 2 over the negative strips is assumed to have 
more lag than PC X at all light levels, even if the identical photo- 
conductor layer is used for both, because of the light attenuation built 
into the negative strips of the target. 

An advantage of the bridge target is that a negligible amount of 
noise is introduced in the subtraction process. The noise associated 
with the signal is small compared with the amplifier noise which is 
no greater for a bridge target than for a conventional target. The 
only observed loss in signal-to-noise ratio comes from the signal loss 
due to the subtraction process itself and the light absorbed in PC- 2 . 
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This factor in a properly designed target should amount to little more 
than about 2. The best ratio of signal levels for proper compensation 
is obtained by adjusting the relative voltages applied to the two sets 
of signal strips. The addition of the negative target-voltage supply 
represents the only modification which should be necessary in adapting 
a conventional Vidicon camera for use with a tube having a lag- 
compensated bridge-type target. 

Figure 9 shows the form of a lag-compensated target which pro- 
vides separate output signals to be combined externally producing the 
lag-compensated signal. If we assume negligible surface conductivity 
of the photoconductor, 0 each set of strips must be biased positively 
with respect to the gun cathode. The two output signals have the same 
polarity and must be combined subtractively. As in the tricolor Vidicon, 
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Fig. 9 — Two-channel output target for differential lag-compensated 
Vidicon-type camera tube. 



a high capacitance exists between the different sets of strips. There- 
fore, preamplifiers of low input impedance must be used to obtain 
independent signals. The noise level in each channel due to this added 
capacitance is thus considerably higher than normal (by a factor of 
about 6). Furthermore, the noise in the final difference signal is 
increased still more by the subtraction process since the two noise 
currents are 180° out of phase and add directly. This loss in signal- 
to-noise ratio appears to be too great to make this method of operation 
attractive. 

The problem of fabricating a bridge-type target having strips of 

6 If the surface of the photoconductor were appreciably more conduct- 
ing than its bulk conductivity, the target structure of Figure 9 could be 
operated as a bridge target as discussed for Figure 8. 
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sufficient fineness and uniformity to produce a high-quality television 
picture is a serious one. At least 500 strips in each set would be 
required for normal television standards. Breaks in continuity of the 
strips would also cause trouble, particularly if the voltage difference 
between the two sets is too high to permit connections at both ends 
of each strip. The evaporation techniques developed for the tricolor 
Vidicon are capable of producing bridge targets of the required fine- 
ness, but further refinement in technique is necessary to produce 
targets free of defects. A tricolor lag-compensated bridge target is 
also a possibility but would be still more difficult to fabricate. 

Application of Lag Compensation to Other Devices 

Differential lag compensation should also be effective in display 
devices employing photoconductivity. For example, a light amplifier 
might be constructed with two groups of photoconductive elements 
having different speeds of response. The electroluminescent light- 
output elements would be so connected as to be driven by the lag- 
corrected difference current. The nonlinear character of the presently 
known electroluminescent and photoconductive powders complicates the 
design of the structure, however, and the feasibility of the proposal 
has not been evaluated. 



The authors wish to express their appreciation to Herman L. 
Oehme for constructing the equipment used in these experiments. 

Appendix — Computed Lag Compensation for Exponential Decay 

For an assumed exponential decay characteristic it is possible to 
calculate the improvement in response available by the differential 
method of lag compensation. If both signals decay exponentially with 
the same time constant, no improvement in speed of response occurs 
when any fraction of one signal is subtracted from the other. How- 
ever, if the auxiliary signal has a longer time constant than the main 
signal, a reduction of lag is indicated. Mathematically, the net gain- 
adjusted resultant signal is 



where t 0 is the time constant of the main signal, t 0 /b is the time 
constant of the auxiliary signal, x is the relative amplitude of auxiliary 
signal, and t is the time after the removal of light. For an assumed 
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value of b between 0 and 1, R will reach a negative maximum and 
asymptotically approach the axis. Figure 10 shows the decay charac- 
teristic of compensated signals for comparison with the uncompensated 
signal for various values of b. The condition is imposed that all cor- 
rected signals may go no further than 10 per cent negative which 
specifies the value of x for each value of b. The assumption is made 




www.americanradiohistorv.com 



76 



RCA REVIEW 



March 1958 



here that a 10 per cent overshoot in the negative direction is the 
maximum amount which is tolerable. 

Figure 11 shows the reduction in the time for the signal to reach 
the positive 10 per cent value and also the amount of net signal 
remaining, which is indicative of resultant signal-to-noise ratio. The 
curves show that the reduction in decay does not change rapidly with 
b, but loss of signal does increase markedly as b approaches unity. 

The above analysis applies to two camera tubes having only capaci- 
tive lag with the beam resistance constant. It has been observed how- 
ever, that in Vidicons having capacitive lag dominating, the decay is 
slower than exponential. This may be explained by assuming that the 
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Fig. 12 — Calculated compensation attainable for capacitance lag in a 
Vidicon assuming that the beam resistance is inversely proportional to 

the signal amplitude. 

beam resistance and therefore the time constant increases with decreas- 
ing signal level. The relative improvement when assuming that the 
beam resistance varies inversely as the signal level is calculated in 
Figure 12. It has been assumed that the time constant of the auxiliary 
signal is three times that of the main signal while the amplitude of 
the former is 50 per cent of the latter, which is sufficient compensation 
to greatly reduce the long tail of decay. 

Since the capacitance across the photoconductor can be readily 
adjusted by choice of photoconductor thickness, the conditions neces- 
sary for effective compensation of capacitive lag can be met without 
great difficulty. Figure 7-C is an example of compensation for capaci- 
tive lag. 
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A HYSTERESIS EFFECT IN CADMIUM SELENIDE 
AND ITS USE IN A SOLID-STATE IMAGE 
STORAGE DEVICE* 
By 

F. H. Nicoll 

RCA Laboratories, 
Princeton, N. J. 

Summary — A brief description is given of a new hysteresis effect in 
cadmium selenitic photo conductive powder. Phot oca r rent plotted as a func- 
tion of voltage has the form of a hysteresis loop, with triggering from low to 
high currents occurring at a voltage depending on the incident light level.. 
At a suitably chosen voltage, triggering from low to high currents occurs 
with light pulse excitation. Return to the condition of low current flow is 
brought about by brief interruption of the supply voltage. Since the trig- 
gering is present with a-c or d-c operation, it is possible to use the effect 
in a. series circuit of photoconductor and a^c operated electroluminescent 
panel. If this is done on an, area basis with due attention paid to the 
impedance match of the photoconductor a/nd electroluminescent layer, it is 
possible to make an image storage device having no optical feedback. The 
construction and operation of such a device is described, and a photograph 
of a stored image on a 3-inch panel is shown. 



Introduction 



y jf ^HE combination of a photoconductive layer and an electro- 
I luminescent layer in series with an a-c voltage is now well 
known as the basis of one type of light amplifier or solid-state 
image intensifies 1 These devices have generally employed photocon- 
ductive CdS powder. This material has high sensitivity, low dark 
current, and excellent uniformity when spread in plastic embedded 
layers. More recently, other photoconductive materials have been made 
in the form of sensitive powders. Among these is CdSe, which has 
faster response and comparable sensitivity to CdS. This new CdSe 
powder has a spectral response which extends further into the infrared 
than is the case with CdS. When embedded in plastic and operated 
at relatively high fields, the material exhibits a hysteresis effect in the 
curve of photocurrent versus voltage. It is this new effect that is 
discussed, particularly in connection with its use in a light-amplifier 
structure to give image storing action without any optical feedback. 



* Manuscript received November 11, 1957. 

1 B. Kazan and F. H. Nicoll, "An Electroluminescent Light-Amplifying 
Picture Panel," Proc. I.R.E., Vol. 43, p. 1888, December, 1955. 
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Current-Voltage Characteristics of CdSe Test Gaps 

The hysteresis curve is most readily examined in a d-c circuit 
consisting of a microammeter in series with a test gap and voltage 
source. This arrangement is shown in Figure 1. The CdSe powder 
is mixed with a 1 per cent plastic binder of ethyl cellulose and is 
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Fig. 1 — Hysteresis curves for CdSe powder. 

applied to the test gap consisting of two transparent electrodes 5 
millimeters long, spaced % millimeter apart. 

The curves in this figure show plots of current versus applied d-c 
voltage for no incident light on the powder and for two different low 
levels of light. The full line curve for no light incident on the photo- 
conductor shows that the dark current of the photoconductor rises 
normally at first, about as the fourth power of the voltage, but as a 
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critical value of 670 volts is reached the current suddenly rises by 
about three orders of magnitude. If the voltage is now lowered, the 
current decreases until a second critical voltage is reached at which 
point the current suddenly drops to its original low value. This same 
type of hysteresis loop is obtained if the photoconductor is exposed 
to a small amount of light. This is shown in the dashed curve which 
was taken with steady light excitation of 0.0003 foot candle from a 
tungsten light source. At low voltages photocurrent is now measurable 
above the dark current. As the voltage is increased a critical value 
is again reached where the photocurrent increases by a large amount. 
The voltage required to trigger the cell into the more conducting state 
is now lower as a result of the illumination. The third curve of dots 
and dashes was taken with 0.0006 foot candle illumination on the cell 
and shows a still further reduction in the triggering voltage required. 
Thus far, only voltage triggering has been considered. However, it 
is evident from these three curves that if a voltage between 500 and 
600 volts is applied to the cell in the dark, then application of light 
will trigger the cell to higher conductivity. It is this property which 
is interesting from the point of view of making light-triggered image 
storage devices. 

Light-Triggered Storage in CdSe Test Gaps 

Figure 2 shows this light-triggered effect. The lower curve, taken 
at 600 volts per millimeter, shows photocurrent as a function of input 
light level. This is what could be termed normal photoresponse of a 
photoconductive powder, the current rising slowly with voltage. When 
the field is raised to a considerably higher value, normal photoresponse 
occurs only at low input light levels, as shown by the dashed curve 
taken at 1,160 volts per millimeter. As the light level is raised, a point 
is reachel where the photocurrent suddenly rises by a large amount. 
If the input light is now lowered or removed the triggered photocurrent 
remains at a high value. To return to the low current level the supply 
voltage must be interrupted or reduced momentarily. 

Light triggering is a function of the product of light level and 
time, and reciprocity is obeyed in the middle range. A typical exposure 
figure for triggering the photoconductor is 1/100 second exposure for 
0.1 foot-candle illumination with tungsten light, in other words, 0.001 
foot-candle second. 

The d-c "storage" current flowing when a CdSe powder cell is light 
triggered to the conducting condition is not a steady current but con- 
sists of many oscillations appearing as a noisy current in the left-hand 
trace of Figure 3. This shows an oscilloscope trace of triggered photo- 
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Fig. 2 — Light-triggered current in CdSe powder. 



current as a function of time. Current remains low until the light has 
been on a sufficient time to cause triggering, after which the current 
rises to a high level composed of many oscillations. The right-hand 
trace of Figure 3 shows the beginning of the triggering action more 
clearly on an expanded time scale. Rise time to the triggered condition 
for this sample is about five milliseconds. The ordinate scale on these 
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Fig. 3 — Oscilloscope traces of triggn""^ current in CdSe powder. 
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traces is linear but the photocurrents. shown are 100 to 1,000 times 
the dark current. 



The triggering action of light is present with a-c operation as well 
as d-c, and the hysteresis effect is therefore suitable for use in a series 
circuit composed of a cadmium selenide cell and an electroluminescent 
panel to give a light-triggered on-off or bistable combination. The 
simple circuit of such a bistable element is shown in Figure 4. 

Light feedback from the electroluminescent cell to the photocon- 
ductive cell is prevented by an opaque barrier. When a-c voltage is 
applied to the combined cells, most of the voltage appears across the 



photoconductor, since the impedance of the CdSe cell in the dark is 
much higher than the electroluminescent cell. In the dark, then, V vr 
is much greater than V EL . If the applied voltage is of the proper value, 
the photoconductor can be triggered into its conducting or low- 
impedance condition by a flash of light. After triggering, the photo- 
conductor has lower impedance, and the voltage across it is small; 
thus the voltage on the electroluminescent layer is increased causing 
light emission. In this condition V pc may be equal to or less than V EL . 
Output light will continue to be emitted after the incident flash of 
light has ceased only if the voltage across the photoconductor, V vc , 
does not fall to a value 'where the low impedance condition cannot 
persist. If the voltage falls too much, the photoconductor impedance 
rises, the "storage" condition ceases to exist, and the combination 
returns to the off condition with no light emitted from the electro- 
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Fig. 4 — Storage element with no optical feedback. 
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luminescent layer. The impedances of the photoconductor cell and 
electroluminescent cell must be such that the voltage on the photo- 
conductor during triggering remains high, thus allowing the device 
to remain in the "on" condition when triggered. 

Using conventional plastic-embedded electroluminescent layers and 
the CdSe powder presently available, it was found that with equal 
electroluminescent and photoconductive areas the photoconductor im- 
pedance in the triggered condition is too low to give storage action 
in the series combination. In other words, the impedance of the electro- 
luminescent cell is too high; therefore, the area of the electrolumi- 
nescent material must be considerably greater than that of the photo- 
conductor for satisfactory operation. Such an arrangement results in 
satisfactory bistable elements which can be triggered on by a flash 
of light and off by brief interruption of the a-c supply. 

In the usual light amplifier or image intensifier structure the elec- 
troluminescent and photoconductive areas are approximately equal; 
for this reason the standard structures do not make good picture 
storage panels when CdSe powder is used as the photoconductor. 

Many structures can be visualized in which the electroluminescent 
areas are larger than the photoconductive areas. These include simple 
multi-element arrays in which the desired impedance conditions are 
met. Some such structures have been made and operated, but as 
element size is reduced it becomes more and more difficult to maintain 
the necessary impedance conditions. 

Storage Panel Construction and Operation 

Figure 5 shows a structure which is similar to one previously 
described. 1 This structure consists of a grooved piece of Lucite fabri- 
cated to have fine conducting lines at the bottom of each groove. These 
grooves are filled with CdSe powder in 1 per cent ethyl cellulose binder. 
The output side of the device is a conventional plastic-embedded electro- 
luminescent layer on a transparent conductive coating on a piece of 
glass. On top of the electroluminescent layer is an opaque noncon- 
ducting layer for preventing optical feedback. The photoconductive 
layer and electroluminescent layer are joined electrically by a dry 
conductive powder layer having the correct electrical properties. This 
layer is for the purpose of spreading the current from the photocon- 
ductive grooves so that the electroluminescent layer will not emit in 
lines. For this reason the layer has the special property of conducting 
fairly well transversely, but not so well laterally. 

If this panel were operated in the conventional manner with a-c 
voltage applied between the conducting lines and the conductor under 
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the electroluminescent layer, the desired impedance relationship be- 
tween the two layers would not be achieved, and satisfactory storage 
operation would be lacking. To avoid this difficulty, the storage action 
in the photoconductor can be largely isolated from the electrolumines- 
cent operation by means of the circuit connected to the panel. 2 The 
conducting lines at the tops of the ridges are connected alternately to 
two sides of the center-tapped transformer supply, By this means 
it is possible to apply a high field across the photoconductor so that 
the storage action can occur in the photoconductor alone as in the 
simple test gap first described. Under these conditions no drop in 
voltage occurs when the photoconductor is triggered to the conducting 
condition. Although storage currents exist in the photoconductor after 
a picture is flashed on briefly, the result is not visible on the electro- 



/CONDUCTING LINES 




INTERDIGITAL OPERATION 



Fig. 5 — Construction of image storage panel. 

luminescent layer until an additional smaller voltage, V 2f is added 
between the center tap of V ± and the conductor under the electrolumi- 
nescent layer. If V 2 is small compared with V u the presence or absence 
of the electroluminescent output picture has little effect on the storage 
conditions in the photoconductor. This is due to the fact that only a 
fraction of the full storage current is used to produce the visible image. 
In addition to choosing suitable voltages V x and V 2 , the frequencies 
F 1 and F 2 can also be chosen for best or most convenient operation. 

Typical operating characteristics for this type of storage panel are 
as follows : The voltage V l applied to the photoconductor in the grooves 
is 600 volts r-m-s at 60 cycles while the voltage V 2 applied to 

the electroluminescent layer is 150 volts r-m-s at about 400 cycles (F 2 ). 

2 Application of voltage to alternate sets cf lines is described in, "An 
Improved High-Gain Panel Light Amplifier," by B. Kazan, Proc. I.R.E., 
Vol. 45, pp. 1358-1364, October, 1957. 
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Fig-. 6 — Output image on 3-inch panel produced by short exposure to 
half-tone input image. 

The choice of these frequencies must be such that no low-frequency 
beats occur, since they would cause fluctuations in the brightness of 
the output image. 

Figures 6 and 7 show a photograph of two separate stored images 
on a 3-inch square panel made with the grooved structure and using 
the circuit and potentials just described. This panel structure has 
60-degree grooves spaced 25 mils apart and should, therefore, be 
capable of 120-line resolution. 

The stored image in each case was produced by a 1/100 second 
exposure to one foot-candle illumination with tungsten light. The 
storage panel is about ten times less sensitive than the photoconductive 




Fig. 7 — Output image produced by short exposure to black and white 

input image. 
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powder alone. The output image has a luminance of about one foot- 
lambert. It can be erased by interrupting the photoconductor supply 
voltage, V u for approximately 1/10 second. The output image can be 
varied in luminance from zero to one foot-Iambert by varying the 
400-cycIe voltage, V* 2 , across the electroluminescent layer from zero 
to 150 volts r-m-s. Over this range the storage action is unaffected. 
If this voltage is further increased to increase output brightness, the 
voltage drop across the photoconductor becomes sufficient to stop the 
storage action. 

Theoretically, this device would be expected to give only a black- 
and-white picture, but there is some semblance of half-tones in the 
portrait. This can be explained as due to the presence of particles of 
various sensitivities throughout the photoconductive powder. The 
rather heterogeneous CdSe powder here used also accounts in part for 
the appearance of spots in the picture. In addition, some spots in the 
otherwise black background are caused by voltage triggering of some 
of the particles. 

This panel can also be used as a conventional image intensifier by 
simply lowering or removing the voltage V 1 and raising F 2 . Under 
these conditions amplification without storage occurs. By means of 
a switch it is possible to change from simple image intensification to 
image storage. 

This experimental panel was made to demonstrate the possibility 
of using the hysteresis effect in producing image storage devices with- 
out the complications of optical feedback. Further improvements in 
these panels will depend to a considerable extent on the finding of 
photoconductors having a more pronounced hysteresis and greater 
homogeneity throughout the powder. 
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AN ELECTROSTATICALLY FOCUSED TRAVELING- 
WAVE-TUBE AMPLIFIER* 

By 



Summary — By applying the principle of biperiodic beam focusing a 
new traveling-wave tube, entirely electrostatically focused, has been achieved 
through the une of a pair of concentric bifilar helices aru{ an annular gun. 
Design curves for choice of an optimum geometry of the tube for <t given 
beam perveance using a minimum focusing field are given. Experimental 
d-c focusing results have agreed very well with theory. With a non- 
optimized gun, a beam of perveance 2 X 10 — 6 amp/volt s / z has been focused 
to 97 per cent current transmission. An r-f gain of 10 decibels has been 
obtained at a power level of 100 milliwatt® at 2,970 megacycles. 



INCE the introduction of traveling-wave tubes, their use has been 



limited by the weight and inconvenience of the beam-focusing 



means which had to be used. During the last several years, work 
has been done attempting to reduce the weight or the size of the 
focusing mechanism by using either a periodic magnetic field or a 
periodic electrostatic field. 1-4 Although considerable success was 
achieved in these attempts, no tube was operated as an amplifier at 
a high power level without a magnet. It has been felt that anv 
attached outside magnet, however small or light it may be, would 
add to the alignment problems. For commercial use, especially for 
airborne application, it would be convenient to have a traveling wave 
tube which is equipped with a "built-in," entirely electrostatic, focusing 
means. 



* Manuscript received October 15, 1957. 

1 J. R. Pierce, "Spatially Alternating Magnetic Fields for Focusing 
Low Voltage Electron Beams," Jour. Appl. Phys., Vol. 24, p. 1247, Septem- 
ber, 1953. 

2 J. T. Mendel, C. F. Quate, and W. H. Yocum, "Electron Beam Focus- 
ing With Periodic Permanent Magnet Fields," Proc. I.R.E., Vol. 42, p. 800, 
May, 1954. 

3 P. K. Tien, "Focusing of a Long Cylindrical Electron Stream by 
Means of Periodic Electrostatic Fields," Jour. AppL Phys., Vol. 25, p. 1281, 
October, 1954. 

4 K. K. N. Chang, "Confined Electron Flow in Periodic Electrostatic 
Fields of Very Short Periods," Proc. J.R.E., Vol. 45, p. 66, January, 1957. 
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A built-in focusing technique has been described in a recent paper 5 
which analyzes a biperiodic electrostatic field recommended for high- 
current-density beam focusing. The present paper discusses an S-band 
traveling-wave tube which uses this biperiodic focusing principle. The 
tube has the following novel features: 

(1) an outer bifilar helix and an inner bifilar helix 

(2) an annular gun 

(3) a hollow cathode with a doughnut-shaped coiled heater 

(4) a unique quartz supporting structure which gives a self- 
contained alignment between the gun and the helices. 

Direct-current tests have shown a current transmission of more than 
97 per cent with a beam perveance in the order of 2 X 10 ~ 6 amp/volt 3/2 . 
A 10-decibeI gain has been observed at a frequency of 2,970 megacycles. 
These experiments show that a new traveling-wave tube, entirely 
electrostatically focused, has been achieved. 



Beam Perveance 

The beam perveance of a focused hollow electron beam in a bi- 
periodic electrostatic field" formed by an outer bifilar helix and an 
inner bifilar helix can be computed as follows. 

The inward radial force, F 2 , acting on electrons at the radius, r, 
due to the periodic electrostatic field produced by the outer bifilar 
helix is 




5 K. K. N. Chang, "Biperiodic Electrostatic Focusing for High-Density 
Electron Beams/' Proc. LR.E., Vol. 45, p. 1522, November, 1957. 
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In this expression, I and A' are modified Bessel functions, L is the 
period, V 0 is the average d-c potential on both the inner and outer 
helices, r 2 and r 1 are respectively the radii of the outer helix and the 
inner helix; 2F, the potential difference between adjacent turns on 
both the outer bifilar helix and the inner bifilar helix ; <r, the ratio of 
the spacing between bifilar helices to the period; and the ratio of 
electron charge to mass. Similarly, the outward radial force F 1 acting 
on electrons at the radius r due to the periodic electrostatic field 
produced by the inner bifilar helix is 



2tt V |~ 7 / 2ttv \ 1 / 2ttv \ 

F x = - KA — +— Kj 

LV 0 [_ 4 \ L I 4 \ L /_ 



X 



(3) 



where 



4 sin To- 



2vr 2 



f 2iri\ \ ( 2irr 2 \ ( 27rro\ / 2iri\ 

— W— M-tM- 



(4) 



The period L of the inner bifilar helix is assumed to be the same as 
that of the outer one. The space-charge force, F\, for a hollow beam 
with radii r 0 and r i has been computed 5 as 



4 V p 

F M = (r 2 -r/), 



(5) 



r 2i 



where p is the space charge density, e 0 is the dielectric constant and 
r e is the equilibrium radius at which the space charge force is zero: 

(t)' + "KtJ +v - , 0/ ,, (t)' 



r 0 = In 



The force balance is accomplished at r — ■ r e ; i.e., 
F. (r e ) + F 1 (r e ) + F 2 (r c ) = 0. 



(G) 



(7) 
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Since by Equation (5), F K (r e ) = 0, it follows that 
F x (r.) 4- F 2 (r c ) = 0. 

That is, 



/ 2rrc, 



(8) 
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Fig. 1 — The ratio of the inner helix radius to the period versus the ratio 
of the equilibrium radius to the period. 
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Equation (9) is a transcendental equation, and r x is solved fur in 
terms of r t . with the aid of a computer. The results are plotted as 
Figure 1, with various values of the ratio K = r 2 /r v The curves shown 
enable the designer to choose the geometry of the helices once the 
equilibrium radius is given. 
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Equation (9) gives one relation between r u r 2 and r e . Hence t x 
and r 2 are not uniquely defined. A second relation between these vari- 
ables may be obtained by balancing the forces at a second radius 
perturbed around r e in the beam. Then it becomes possible to deter- 
mine i\ and r 2 independently in terms of r c , the beam perveance and 
the voltage between adjacent wires of the bifilar helices. The second 
relation is obtained as follows: 

Expand F lt F 2 and F H around r e by writing 



r — r t 



r < r c 



(10) 



F x (r) =FM +F/(r e ) f 
F,(r) =F 2 (r c ) +F/(r c ) r 
F,(r) =F s (r e ) +F/(r c ) r. 



(11) 



The force balance then occurs in a first-order approximation if 



+F/(r fl ) +F/(r c ) =0. 
It then follows from Equation (12) that 
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where P is the beam perveance defined as beam current/ (beam volt- 
age) 3 / 2 and 



/,(>,) = -Hh + hl [3/!+/,] 
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Fig. 2 — Beam peryeance as a function of percentage voltage variation, 
equilibrium radius, helix radii, and beam radii. 



The arguments of all Bessel functions I and K in Equation (14) are 
2irr e /L. The ratio 2~r c /L appearing in Equation (13) is plotted versus 
P/(2V/V Q ) 2 in Figure 2 by assuming the ratio of the outer helix 
diameter to the outer beam radius, r 2 /r 0> to be 1.25 and by assigning 
the ratio of the outer beam radius to the inner beam radius, r 0 /r if at 
the two values, 1.11 and 1.2. It is indicated by the peaked curves in 
Figure 2 that an optimum geometry exists with a maximum perveance 
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and a minimum focusing field. Those geometries larger than the 
optimum produce stronger outside stray fields and thus result in small 
perveances and large focusing fields. The curves shown in Figure 2 
will help the designer find the potential parameter from a given value 
of the beam perveance. For example, for the particular value 2-n-rJL 
equals 9.0, which was chosen for the experimental tube to be discussed 
(ro/r, =1.75, r 0 /r { = 1.11), the relationship between P and 2V/V Q is 
shown by the solid curve in Figure 5. 

Field Equation in the Electron Beam 

Rigrod and Lewis 6 arrived at the conclusion that wave propagation 
along a cylindrical beam with Brillouin flow is accompanied by swelling 
and contracting of its boundary, with constant space-charge density, 
rather than by space-charge bunching. Another interesting result 
they found is that the dynamics and field equations for the focussed 
beam are identical with those for a beam with zero d-c magnetic field, 
except for the angular component of a surface current density. This 
angular surface current density is formed because the beam has been 
focused by a Brillouin magnetic field. If the beam were focused by 
a pure electrostatic field such that no electron rotation is involved, 
there would not be any angular surface current density. This situation 
is realized by the use of the present biperiodic electrostatic focusing. 
It is of interest to investigate the r-f field which would appear on a 
beam which has been focussed by the biperiodic electrostatic field. 
The equations of motion of electrons in a biperiodic electrostatic field 
in cylindrical coordinates (r, z) are as follows: 

9V VP 

?=-V —?ff r + (r 2 -r/), (15) 

Br 2re 0 

r$ + 2rj> = 0, (16) 

* = V -nE., (17) 

Vz 

where V is the d-c potential, E r and E z are, respectively, the r-f radial 
field and the r-f axial field. 



6 W. W. Rigrod and J. A. Lewis, "Wave Propagation Along a Magneti- 
cally-Focused Cylindrical Electron Beam," Bell Sys. Tech.. Jour., Vol. 33, 
March, 1954. 
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In a biperiodic field, where the beam is perturbed by a small d-c 
periodic field and is also modulated by a small a-c signal, the electron 
coordinates are found to be as follows: 10 

z ]+r{?' 0 ) eiL*'--> K.+V^i, (18) 



L 

0 = 0, (19) 

2 = 2 0 + /t 0 i + z sin I — z J -f *(r 0 ) c^"'-* <~«+V n , (20) 

where peaks indicate perturbations due to the d-c field and tildes 
indicate modulations due to r-f field. o> is the angular frequency; y is 
the propagation constant; (r 0 , 0, z 0 ) is the initial position of an 
electron in question, with an axial d-c velocity 

Since the space-charge field is cancelled to the first approximation 
by the average biperiodic electrostatic field according to Equation 
(12), the a-c space-charge density, p, is equal to zero exactly as in the 
Brillouin flow case which was calculated by Rigrod and Lewis. Omit- 
ting the factor e' iwt - y <~u+V )] for brevity from all a-c terms, Equations 
(15) and (17) can be rewritten as follows: 



r = — r,E r9 (21) 

z = — v E\. (22) 

After replacing the time derivatives by multiplication by j(ta — y/x 0 ) , 
these become 

r = rj EJ (o) — y/i 0 ) ~, (23) 

7= v E z /(io- rf i Q )K (24) 

These are exactly the same results which have been obtained for the 
Brillouin flow case. Essentially, all the field equations and the r-f 
performance associated with them are identical with those derived 
for the Brillouin flow case. The only difference is that in the present 
case the electron beam is focussed by a biperiodic electrostatic field 
instead of by a magnetic field and thus no electron rotation takes place. 
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Fig. 3 — The experimental tube. 



Experimental Results 

An experimental traveling-wave tube shown in Figure 3 was built 
for testing the focusing performance and the r-f performance. The 
tube uses an inner bifilar helix, an outer bifllar helix and an annular 
electron gun. Figure 4 is a sketch of the tube assembly. The outer 
bifilar helix is wound with .020-inch tungsten wire on a mean diameter 
of .380 inch and a pitch of 10 turns per inch. To eliminate all possible 
undesirable r-f interaction with the inner bifilar helix, the inner helices 
are wound with .020-inch resistance wire on a mean diameter of .200 
inch and 10 turns per inch. As shown by Figure 4, the alignment 




Fig. 4 — Assembly of the experimental tube. 
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between the gun and the helices is uniquely determined by a set of 
precision quartz rods. 

The tube was tested first for its focusing performance. The results 
obtained are tabulated in Table I. 

Tabic I — Experimental Results 

D-C Performance 

Average helix voltage 200 volts 

Bifilar helix voltage 100 volts, 300 volts 
Collector current 4 milliamperes 

Helix-intercepted current less than .11 milliampere 
Current transmission 97% 

R-F Performance 

Frequency 2,970 megacycles 

Synchronizing voltage 1,850 volts 
Gain 10 decibels 

Output power 100 milliwatts 

The current-transmission is more than 97 per cent with a beam 
perveance of the order of 2 X 10 _c amp/volt 3/2 if the current inter- 
cepted in the gun is ignored. The observed focussed beam perveance 
agrees in general very well with the theoretical curve shown by Figure 
5. The interception in the gun causes no surprise since the construction 
of the gun was not optimum. 

Measurements made at r-f are very encouraging. A 10-decibel net 
gain has been observed at an output power of 100 milliwatts and a 
frequency of 2,970 megacycles with a beam current of 1.3 milliamperes. 
The r-f synchronizing helix voltage was found to be 1,850 volts. The 
measured gain figure is somewhat higher than that which corresponds 
to a confined flow case. This agrees with the result of Rigrod and 
Lewis, presumably because of transverse electron motion in the present 
Brillouin case. 




0 12 3 



p( JWP. x|0 -« ) __ 
VOLT '2 

Fig. 5 — Percentage voltage variation versus perveance for 
the experimental tube. 
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Because of the large diameter of the present tube envelope, the 
coupling and attenuation could not be optimized. Hence, the above 
results are considered particularly promising. 

The experimental setup for measurement is shown in Figure 6. 
Since the tube is entirely electrostatically focused, it can be mounted 
vertically, as shown, on the chassis just as are conventional low- 
frequency tubes. All of the r-f testing equipment is on the left and 
the power-supply units are on the right. 




Fig. 6 — Experimental setup. 



Conclusion 

A new traveling-wave tube, entirely electrostatically focused, has 
been achieved through the use of a pair of concentric bifilar helices 
and an annular gun. 

Design curves for optimum geometries of the tube for a given 
perveance using a minimum focusing field are given. Experimental 
d-c focusing results have checked the theoretically calculated results 
very well. With a periodic voltage variation of 5 per cent on the beam, 
it is theoretically possible to focus, with an ideal gun, an electron beam 
of perveance in the order of 10 ~ 5 amp/volt :1/ ~. With a non-optimized 
gun, a beam of perveance 2 X 10™ G amp/volt^'- has been focused to a 
97 per cent current transmission. 
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Preliminary r-f tests are encouraging. A gain of 10 decibels has 
been obtained at a power level of 100 milliwatts and at 2,970 megacycles. 
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LARGE-AREA GERMANIUM POWER TRANSISTORS* 



By 



E. N. SladkJ and Jane Printon* 



Summary — Both p-n-p and n-p-n experimental alloy -junction power 
transistors have been developed to operate at collector currents of 10 am^ 
peres or more. Depending on design factors (polarity, loio or high voltage 
operation), collector-to-base current ratios range up to 200 at 1 ampere 
and to 60 at 10 amperes. Thermal resistances are about 1 to 2°C per watt. 
The extension of the operating current range by an order of magnitude 
lias been accomplished by increasing the junction area (0.24-inch diameter).. 
Base-lead resistance is reduced by a factor of 6 by the use of ring emitters 
with axial and co-axial base contacts. Due to the transverse field developed 
in the base, wide variations (16 to 1) in the collector-to-base current ratios 
result from the use of the different base contacts (axial or co-axial contact) 
alone. 

Diffusion techniques were applied to an alloy- emitter-dig his ed- collect or 
transistor. This construction combines the high injection efficiency of an 
alloy emitter with the advantages of the diffusion techniques to obtain a 
uniformly flat large-area collector of controlled penetration. 

Early work reported here has given results comparable to alloy -junction 
transistors of similar geometry. The diffusion technique has also been 
applied to obtain a reduction in the base-lead resistance by a factor of 3 
through the diffusion of a heavily doped layer in the base wafer before 
alloying. 



transistors through the use of high-emitter-efficiency alloys, and 
the design of high-current and high-voltage power transistors 
have been discussed previously. 1 -- The purpose of this paper is to 
discuss work leading to further extension of the high-current and power 
performance of p-n-p and n-p-n germanium power transistors. This 
performance has been obtained principally through an increase in 
junction area, but also through the application of improved alloying 
and diffusion techniques. Three types of power transistors are dis- 

* Manuscript received January 10, 1958. 

t Formerly, RCA Laboratories, Princeton, N. J.; now with International 
Business Machines, Poughkeepsie, N. Y. 

* Formerly, RCA Semiconductor Division, Somerville, N. J. 

1 L. D. Armstrong, C. L, Carlscn and M. Bentivegna, "P-N-P Tran- 
sistors Using High-Emitter-Efficiency Alloy Materials/' Transistors I, RCA 
Laboratories, Princetcn, N. J., 1956, p. 144. 

2 B. N. Slade, "Recent Developments in Power Transistors," Transistors 
I, RCA Laboratories, Princeton, N. J., 1956, p. 150. 
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Fig. 1 — Cross sections of large-area power transistors. 

cussed. The first two types are p-n-p and n-p-n large-area alloy-junction 
transistors; the third type is a hybrid construction consisting of an 
alloy emitter and a collector formed by diffusion from a vapor. Sup- 
plementary techniques for the reduction of base-lead resistance are 
also described. 



P-N-P and N-P-N Alloy Junction Power Transistors 
Construction 

Figure 1 shows cross-sectional diagrams of two junction geometries 
used for experimental p-n-p and n-p-n transistors. Significant differ- 
ences between the solid and ring emitter constructions will be discussed. 

Figure 2 shows a photograph of a cross section of a large-area 
p-n-p transistor of the type shown schematically in Figure la. The 
mechanical design features have been described elsewhere 2 but are 
shown for reference in Figure 3. The high-emitter-efficiency alloys 
described earlier 1 - 2 are used in the present transistors. 

High-Current Performance 

At high currents the collector-to-base current transfer ratio de- 




Fig. 2 — Cross section of large-area power transistors. 
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pends primarily on the injection efficiency of the emitter which in turn 
varies inversely as the current density. 3 Hence, good injection efficiency 
at high currents may be obtained by increasing the emitter area in 
order to decrease current densities. The achievement of improved oper- 
ation at higher currents through an increase in junction area can be 
seen in the curves of Figures 4a and 4b. Here the collector-to-base 
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Fig. 3 — Power transistor. 



current transfer ratio (d-c alpha) is plotted as a function of emitter 
current for p-n-p and n-p-n transistors. The data compare the per- 
formance of transistors having a solid 0.060-inch diameter emitter 
with units having a ring emitter of 0.100- and 0.240-inch inner and 
outer diameters, respectively. The emitter areas are in the ratio of 
1 to 15. The smaller area solid-emitter transistors are those described 
in Reference (2). The collector diameter of the large area units is 

3 W. M. Webster, "On the Variation of Junction Transistor Current 
Amplification Factor with Emitter Current/* Proc, I.R.E., Vcl. 41, p. 914, 
June, 1954. 
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.240 " OUTER 
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EMITTER CURRENT - AMPERES 

Fig. 4a — Collector-to-base current ratio versus emitter current for p-n-p 

transistors. 

0.240-inch. The curves of Figure 4a and 4b show that the larger-area 
transistors are capable of operation with high gain at currents of 
10 amperes or more. 

Table I shows other electrical characteristics of the p-n-p and n-p-n 
large-area transistors. Although the large-area junctions present 
additional wetting and etching problems in fabrication, the data indi- 
cate that the techniques used permit the fabrication of these junctions 
with essentially no degradation in the reverse junction characteristic 
as compared with that obtained on smaller power transistors. 2 

The n-p-n and the p-n-p high-voltage types designated in Table I 
use germanium of the same resistivity and have similar spacing be- 
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Fig. 4b- 



-Collcctor-to-base current ratio- versus emitter current for n-p-n 
transistors. 
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tween junctions. The p-n-p low-voltage type has been modified for 
higher current operation. Closer junction spacings (about 2.8 mils) 
than those listed in the table have resulted in n-p-n units with 1-ampere 
current ratios ranging from 200 to 500. A few units have been made 
with values as high as 1,000. 

Thermal Resistance 

The increase in junction area also decreases the thermal resistance 
between the collector junction and the copper mounting stud (Figure 
3). The p-n-p transistors have a thermal resistance of approximately 
2 to 2.6 °C per watt. Most of this thermal resistance occurs in the 
indium collector dot which is approximately 0.240-inch diameter and 
0.010-inch thick. The n-p-n type has a thermal resistance ranging from 
about 1.8 to 2.1 °C per watt. This lower value results from the higher 

Table I — Electrical Characteristics* of P-N-P and N-P-N 
Large-Area Transistors 

Collector Current Collector-to-base 
Ge base with zero Current Transfer 

material emitter current Ratio 

Resistivity W (/*a) Breakdown h = h = 

Type ohm-cm (mils) — lv — 25v Voltage 1 amp 10 amps 



P-N-P 



high volt. 


4-6 


3.3 


30 


50 


125 


45 


15 


P-N-P 
















low volt. 


2-3 


2.5 


18 


65 


60 


80 


30 


N-P-N 


4.6 


3.3 


80 


120 


80 


200 


60 



* Average values. 



thermal conductivity of the lead-arsenic collector alloy used in the 
n-p-n transistor. 

A considerable reduction in the termal resistance of the p-n-p tran- 
sistor has been achieved by removing approximately % of the indium 
collector dot before soldering to the copper stud. Thermal resistance 
measurements on these transistors range from 0.8 to 1.30°O per watt. 

Base-Lead Resistance 

The base-lead resistance (r bb >) at high currents can be reduced 
considerably by reducing the extrinsic portion which exists between 
the junction edges and the base connection. This resistance remains 
relatively constant at high currents while the intrinsic base resistance 
which exists between the junctions decreases to a very small value due 
to conductivity modulation. The geometry shown in Figure lb offers 
a method of reducing the base-lead resistance by paralleling two ex- 
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trinsic lead-resistance components, namely, that existing between the 
outer base ring and the outer edge of the emitter and the component 
between the edge of the inside base dot and the inner diameter of the 
emitter ring. A comparison of the base-lead resistance for the solid 
and ring emitter constructions of Figure la and lb for transistors 
having the same values of junction spacing and germanium resistivities 
can be seen in Figure 5, in which 7 base versus V lms(1 is plotted. The 
values of r bb > at emitter currents of 1 ampere, computed from the 



SOLID EMITTER R bb -=32fl 

.240" DIAMETER 



RING EMITTER 



r, bb' 



--5SI 



.240 OUTER DIAMETER 
.100" INNER DIAMETER 
.030" BASE CONNECTION IN CENTER 



AT I « I AMP. 




.5 1.0 1.5 2.0 

BASE-TO-EMITTER VOLTS (V b ,J 

Fig. 5 — Input characteristic of p-n-p power transistor with solid and 

ring emitters. 



slope of the curve, are approximately 32 ohms for the solid emitter and 
5 ohms for the ring-emitter geometry. 

Figure 6 illustrates a second technique for reducing the base-lead 
resistance. This technique has been applied only to the p-n-p type, but, 
in principle, should also be useful for n-p-n transistors. In this method, 
a high-conductivity n-type layer is diffused onto the conventional n-type 
pellets used for power transistors. The diffusion process is carried out 
in an antimony vapor and results in a layer of approximately 0.0005- 
inch thickness. Figure 6a shows the pellet cross section after diffusion. 
Emitter and collector dots of Ga-In-Au are then alloyed through the 
n layer as shown in Figure 6b. The base ring contact is fired on 
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during or subsequent to the alloying process. Finally, the emitter and 
collector junctions are electrolyticaily etched to form a groove around 
the junctions to isolate the n layer from the p-type recrystallized region, 
thus preserving the breakdown voltages normally obtained with the 
base germanium used. An alternate technique is to remove the n layer 
from the collector side before alloying. 

Figure 6c shows the final geometry of the transistor. Since the 
conductivity of the diffused layer near the surface is very high, the 
base contact has been effectively moved much closer to the emitter 
region, thus reducing the extrinsic base-lead resistance. The effective- 
ness of such a process is illustrated in Table II which gives values 
of r bh > at 1 milliampere and 1 ampere for a transistor processed in the 




n* DIFFUSED 
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PELLET AFTER DIFFUSION 
to) 
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c 




AFTER ETCHING 
(O 

Fig. 6 — Method of reducing base-lead resistance. 

above manner. These values are compared with values measured after 
the diffused layer has been etched away. A substantial increase in the 
extrinsic value of base resistance has occurred even though the cross- 
sectional area of the base region was not substantially changed by the 
light etching used to remove the diffused layer. 

This technique was applied to a transistor employing a 0.100-inch 
diameter emitter, a base ring having an inside diameter of 0.200-inch, 
and a germanium resistivity of 4-6 ohm-centimeters. The average value 
of r bb , at 1 ampere for units without the diffused layer was 50 ohms. 
For units using the prediffused pellets the average value was about 
20 ohms. This process might be expected to show a comparable im- 
provement in r hh . on transistors having other geometries and resistivi- 
ties. Other characteristics such as junction leakage, breakdown and 
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Table II — Effectiveness of a Diffused Layer for Reducing the 
Base-Lead Resistance 

Emitter Base Lead Resistance Base Lead Resistance after 

Current with Diffused Layer Removal of Diffused Layer 

1 ma. 80 
1 ampere 16 

current transfer ratio are not significantly affected by this process. 
However, extreme care must be taken in etching to preserve the thin 
diffused layer on the emitter side. 

Effect of Location of Base Contact 

Interesting observations have been made on the effect of the loca- 
tion of the base contact on operation of the transistor shown in 
Figure lb. 

Figures 7a, 7b, and 7c show three configurations of large-area 
power transistors, (a) with a solid emitter (similar to Figure la), 
(b) with a ring emitter, and (c) a ring emitter with an inside base 
connection in addition to the outside ring base contact as in Figure lb. 
If the two bases in Figure 7c are not connected together, the high- 
current performance obtained with each base connection differs con- 
siderably. 

Table III shows the dependence of the one-ampere collector-to-base 
current transfer ratio upon the location of the base contact. 
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Fig. 7 — Cross section of large-area power transistor with different base 

connections 
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This phenomenon may be explained as follows. In high-current tran- 
sistor operation, there is a transverse electric field (parallel to junction 
plane) in the base region due to the base current and resistance. This 
field is sufficiently strong and in such a direction as to cause minority 
carriers injected at the edge of the junction to acquire a drift com- 
ponent towards the base contact. These deflected carriers do not reach 
the collector and are lost by recombination. For instance, in the case 
of the n-p-n transistor, the base is positive with respect to the emitter, 
thus pulling the electron minority carriers toward it. The dotted lines 
in Figure 7a represent the flow paths of the current having a com- 
ponent toward the base contact while the solid lines represent the 
diffusion current toward the collector. Now, if the center portion of 
the emitter in Figure 7a is removed as in 7b, two factors tend to cause 
a decrease in gain. First, the current density is increased for a given 
current. Second, much of the minority carrier flow leaving the emitter 
will occur around the periphery of the junctions increasing the effective 
spacing between junctions. If, however, a base contact is placed inside 
the emitter ring, as in Figure 7c, the transverse electric field in the 

Table III — Collectcr-to-Basc Current Transfer Ratios for 
Different Base Connections 

Outside Base Only Inside Base Only Bases Tied Together 

6 100 80 

base will be in such a direction to pull the current carriers inward 
toward the center; thus few carriers are lost around the edges. With 
the two base connections tied together, an intermediate condition is 
obtained as indicated by the data of Table III. 

According to this explanation, the small-signal current-transfer 
ratio at low currents, should be independent of the base-contact position 
since, at low currents, the electric field in the base region will be very 
small. Measurements confirm this expectation; the current transfer 
ratio at 1 milliampere is approximately the same regardless of the base 
connection used. This phenomenon does not occur if the collector is 
larger than the emitter since the larger collector would catch most of 
the carriers leaving the emitter. Measurements on transistors having 
a 0.240-inch diameter collector and a emitter of 0.150-inch outer diam- 
eter show no difference in current-transfer ratios between the inner 
and the outer base connections. 

Alloyed-Emitter, Diffused-Collector Transistor 

A combination of the techniques of alloying and diffusion in the 
vapor phase has also been used to fabricate power transistors. Solid- 
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state diffusion offers important advantages in making large-area n-p-n 
power transistors. First, the technique lends itself well to the forma- 
tion of large-area flat junctions, and to the close control of junction 
penetration and spacing between junctions. Secondly, it makes possible 
the elimination of the indium or lead alloy which is the largest source 
of thermal resistance between the collector junction and the heat sink 
in the alloy-junction units. Lower thermal resistances should lead to 
higher allowable dissipation. 

In the case of the emitter junction, the results of the alloy tran- 
sistors just described demonstrate the high values of injection efficiency 
obtained with the use of a lead-arsenic alloy. By combining the ad- 
vantages of an alloyed junction for the emitter with the advantages 
of the diffused collector, a transistor of improved characteristics may 
be expected. 
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Fig. 8 — Cross section of alloy emitter, diffused-collector power transistor. 



Figure 8 shows a cross-sectional diagram of an n-p-n transistor of 
such construction. The emitter is formed by alloying a 0.060-inch 
diameter Pb-As dot. The collector is formed by diffusion in antimony 
vapor. The depth of diffusion is about 1.5 mils. A 0.100-inch diameter 
tin dot serves as the solder between the diffused surface and the copper 
mounting stud. Electrolytically etching a groove around the dot 
through the diffused layer serves to define the periphery of the collector. 
Table IV shows characteristics of these transistors for base materials 
of two different resistivities. Experience so far indicates that higher 
breakdown voltages can be achieved with diffused junctions than are 
obtained with alloyed junctions of the same size using the same ger- 
manium resistivity. The high-current transfer characteristics are 
comparable with those of n-p-n alloyed units of similar geometry 
described in Reference (2). This is to be expected since this char- 
acteristic is primarily determined by the injection efficiency of the 
emitter. 
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Table IV — Characteristics of Alloy-Emitter Diffused-Collector Transistors 

Reverse Junction Collector-to- 

Currents Breakdown Base Current 

Ge. Sat. currents (^a) (/*a) (+25v) Voltage Trans. Ratio 

ohm-cm Emitter Collector Emitter Collector Emitter Collector 100 ma. 1 amp. 

1.8 14 25 40 35 GO 100 70 CO 

5 50 60 100 100 80 130 80 60 

A few transistors of this type made with a ring emitter geometry 
( 0.240-inch outer and 0.100-inch inner diameters) and 0.240-inch diam- 
eter diffused collectors had current ratios of 100 to 500 at 1 ampere. 
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CONSIDERATIONS AFFECTING THE RISE 
AND DECAY OF CATHODE CURRENTS 
IN RECEIVING TUBES* 
By 

Edward R. Schrader 

RCA Electron Tube Division, 
Harrison, X. J. 

Summary — Curves showing the rise and decay of cathode current result- 
ing from the application and removal of heater power in receiving tubes 
are analyzed to determine the dependence of these curves upon various tube 
properties. In the case of diodes and some multi-electrode tubes, changes 
in cathode activation appear as shifts of the temperature-limited region of 
the curves and sometimes as transient changes in the space-charge-limited 
region. Because of its inception from equilibrium current conditions, cathode 
current decay is a somewhat more reproducible quantity than rise current. 
Also, since most cathodes take longer to cool than to heat, the time for 
decay is usually longer than for rise, permitting better resolution of any 
differences between tubes. 

Experiments with a diode having a rotating anode are used to illus- 
trate the effects of cathode poisoning and reactivation. The residts of rise- 
time measurements made during life tests are summarized. Because of 
the trend toward the use of u operation time" as a specification for certain 
tube types, there is given an analysis of the increase of cathode temperature 
unth time in which energy transfer by radiation alone is assumed.. 

Introduction 



I 



^HIS paper presents the results of an investigation conducted 
to determine the factors which affect the cathode current of 
electron tubes from the instant heater power is applied, through 
equilibrium, to the time the cathode is cool. The investigation was 
prompted by several considerations, including (a) the necessity for 
tight control of warm-up time of series-string tubes to prevent develop- 
ment of excessive voltage across a given tube; 1 (b) reduction of the 
warm-up time of television picture tubes to minimize delay in the 
appearance of the picture; (c) military requirements that tubes of 
certain types reach operating condition within specified times after 
application of heater power. The data presented should be of value in 
the design of tubes where some time quantity for transient currents 
is specified. 

In this paper the terms "rise" and "decay" are used to describe 



* Manuscript received January 9, 1958. 

1 R. L. Pear and A. Szilasi, "The Effect of Heater Coating Thickness 
on Warm-Up Time," Electronic Design, Vol. 3, September, 1955. 
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the transient cathode or plate currents which result, respectively, from 
the application and removal of heater power, and the term "warm-up" 
is used only to describe the variation in cathode temperature resulting 
from the application of heater power. The term "operation time" 
represents the time in seconds required for the plate or cathode current 
of a tube to reach a specified percentage of its value after several 
minutes. 

When power is applied to the heater of an electron tube, the tem- 
perature of each element of the tube, from the heater out, begins to 
increase. If all electrodes of the tube are fixed at normal operating 
potentials, the increase in the temperature of the cathode results first 
in temperature-limited and then in space-charge-limited currents. As 
other parts of the tube get hot, they may release adsorbed gases which 
react with and poison the cathode; also, the resistances of semiconduct- 
ing films which may be present on some electrodes will vary to a degree 
determined by their states of activation and temperatures. The be- 
havior of the cathode current of a tube as a function of time is the 
resultant of all of these factors. Since the effects of poisoning and 
semiconductor resistances vary with the relative contamination of the 
tube parts and the tube geometry, they do not always affect the same 
portion of the cathode-current curve. Consequently, a cathode-current 
curve cannot be completely specified by a single number, such as 
"operation time." Expression of cathode-current rise time as a single 
number, however, still is useful as an indication of the departure of 
a particular tube from a statistical norm, even though it may not be a 
true indication of tube quality. 

Most of the rise and decay data presented in this paper were 
obtained with the aid of a Brown recorder, using as a signal source 
the voltage developed across a small resistance in the plate or cathode 
circuit of the tube under test. All tests were conducted using fixed 
electrode potentials, including grid bias. Heater power was obtained 
from a regulated direct-current supply. The resulting curves of 
cathode current make it possible to determine almost any of the desired 
measures of rise and decay. Among the characteristics investigated 
were the time required for the rate of change of cathode current to 
reach a maximum value as well as to reach arbitrary specified values. 
These characteristics are potentially useful for automatic testing since 
the equilibrium current need not be known. 

Risk Curves 

Study of the rise curves of hundreds of tubes of at least 16 different 
types indicate that these curves fall roughly within the four types 
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;-hown in Figure 1. Type A, by far the most prevalent, or "normal" 
type, has a fairly steep initial increase and a rounded knee. Type B, 
the second most prevalent, rises very slowly, sometimes taking many 
minutes to reach equilibrium. Type C has a steep slope and rounded 
knee similar to that of type A, but begins to slump at a point on or 
just beyond the knee, although it usually starts to rise again within 
the first few minutes of operation. Type D is a relatively rare type 
which starts to rise noticeably later than the normal or type A curve 
but has a steeper slope and a sharper knee. 

The "normal" or type A rise curve is produced by a current which 
is initially temperature limited and then gradually becomes space- 




TIME 



Fig. 1 — The four major types of cathode-current-rise curves obtained in 
tests for several hundred receiving tubes of various types. 



charge limited at some point below the knee. In curves for most diodes 
the transition between the two regions of the curve is masked by the 
effects of surface roughness and temperature differences along the 
length of the cathode which also tend to round off the knee of the rise 
curve. In curves for triodes or multi-grid tubes the transition is even 
more difficult to see because the distortion of the field at the cathode 
due to the presence of the grid does not permit a sudden transition 
from temperature-limited to space-charge-limited operation. 

R. M. Matheson,* in an unpublished report, conclusively shows that 
longer-than-normal rise times, such as those represented by type E 
curves, can occur in picture tubes as a result of accumulations of 
electrons on semiconducting films on grid surfaces. Such films usually 
consist of materials evaporated from the cathode and may contain other 

* RCA Laboratories, Princeton, N. J. 
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constituents produced by reactions between the cathode and grid 
materials. The films tend to limit electrode current until they have 
been heated sufficiently to decrease their resistance. There is little 
doubt that similar conditions exist in receiving tubes. Matheson, and 
another unpublished report by Hui*, suggest that slowly rising curves 
may also be caused by poor cathode activation. 

Type C rise curves, it is believed, indicate partial deactivation of 
the cathode by poisoning agents released from other tube parts as the 
temperature rises. In trials with successively higher heater voltages, 
the dip becomes more pronounced and occurs sooner after power is 
applied. At very high heater temperatures, however, the deactivating 
action ceases, probably because of more efficient gettering action by 
the cathode. Tubes which produce type C curves, when operated at 
rated heater voltages, generally exhibit conventional rise behavior for 
the conditions when operated at low heater voltages — that is, their 
curves show a slow rise with no dip. Type C curves are usually not 
repeatable, and most tubes which produce such curves initially show 
normal, or type A, behavior after some high-temperature aging. In a 
small percentage of the tubes which produced type C rise curves, 
cathode current slumped steadily with time after a short initial recov- 
ery, and the cathodes eventually became completely inactive. 

The reason for the delayed type D curves has not been determined 
because of the rarity and nonrepeatability of these curves. The few 
curves observed became normal type A curves after several runs. The 
only explanation that can be offered at this time is that under certain 
conditions, a cathode can be poisoned and then relatively quickly reac- 
tivated. If the reactivation occurs after the cathode has reached a 
fairly high percentage of its final temperature, there will be a sudden 
increase in current, such as occurs in the type D curve. Since so little 
can be offered at this.time to explain this behavior, it will not be treated 
further in this paper. 

Decay Curves 

Because most cathodes take longer to cool than to warm up, a decay 
curve presents the total change in cathode current on a longer scale 
than does a rise curve and permits correspondingly better resolution. 
Consequently, the decay curves of most diodes and low-g m triodes show 
the break between the space-charge-limited and temperature-limited 
regions which is not usually evident on rise curves. Only in certain 
cases does a factor which affects the shape of a rise curve also affect 
the shape of the corresponding decay curve. For example, a cathode- 

* RCA Electron Tube Division, Marion, Ind. 
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poisoning agent which causes a very slow rise can easily cause a sudden 
decay if it is still active at the instant heater power is removed. Also, 
the rise and decay characteristics of tubes which have close-spaced, 
grids shielding the cathode are apparently highly dependent upon the 
same factors which determine the space-charge-limited equilibrium 
current: that is, if the equilibrium current is low, the rise time will 
be long and the decay short. Rise and decay curves in these cases offer 
very little information. On the other hand, it is easily possible for 
certain effects, such as deactivation occurring during long shelf life, 
to clear up during the short time the tube is operated under equilibrium 
conditions before decay is initiated. Furthermore, temperature- 
sensitive factors such as the semiconductor grid films previously 
mentioned are unlikely to have the same effects on rise and decay 
curves because the temperature relationship between the contaminated 
grid and the cathode is not the same during the rise and decay intervals. 
Decay tests, rather than rise tests, therefore, are most likely to reflect 
conditions important to the equilibrium efficiency and life of a tube. 

Diode Tests 

The effects of cathode poisoning were studied with the aid of a 
special diode having a rotatable nickel plate and a picture-tube-type 
cathode approximately %-inch in diameter, spaced 1 millimeter from 
the plate. The tube had been used for other work, and its plate had 
a brownish "activation" spot at one position (arbitrarily called 0 
degrees) and a thick white film resulting from the flash of a getter 
in air at the 180-degree point. Although the other areas of the plate 
surface appeared "clean," repeatable retarding-potential readings taken 
every 45 degrees around the periphery of the plate showed significant 
differences in either the plate work function or film resistance, indi- 
cating that the apparently clean portions of the plate did not have 
identical surface conditions. Impedance measurements made with the 
aid of a Wagner pulse tester showed that when the plate was in its 
90-degree position, the cathode was deactivated to a degree determined 
by the duration of plate-current flow. At any other position of the 
plate the cathode was either unaffected or reactivated, depending upon 
its previous state. 

Starting with the cathode in an intermediate state of activation, 
recordings were made of the rise and decay of cathode current at points 
45 degrees apart around the periphery of the plate. The resulting 
curves are shown in Figure 2. The break between space-charge-limited 
and temperature-limited currents can be clearly seen on the decay 
curves. The rise and decay curves for the 0-degree and 45-degree 
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Fig. 2 — Cathode current as a function of time of a special diode having a 
rotatable plate: (a) current rise; (b) current decay. 
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positions are very similar, the rise curve for the 45-degree position 
showing the effects of slight deactivation due to the proximity of the 
poisoning area surrounding the 90-degree position. The curve for the 
90-degree position rises very slowly because of this poisoning, and 
levels off (i.e., reaches equilibrium) at a low value of current. The 
rapid decay in the 90-degree position suggests that the cathode current 
was probably temperature limited at the instant heater power was 
removed. The fact that the curve for 135 degrees rises even more 
slowly than that for 90 degrees shows the effects of the poisoning 
which took place during the 90-degree test. The continuous rise of 
the 135-degree curve, however, indicates that some reactivation is 
taking place. Although each subsequent test shows further reactivation 
taking place during the short time the cathode is at rated temperature, 
the cathode never recovers its original activity during the series of 
tests. 

The rise and decay curves shown in Figure 2 — that is, poisoning 
at the 90-degree position and reactivation at all subsequent positions — 
could be repeated at will. The low value of the equilibrium current at 
the 180-degree position is undoubtedly due to the voltage drops across 
the thick white film at this position. However, the initial position of 
the rise curve and the final portion of the decay curve for 180 degrees 
evidently maintain the proper sequence dictated by the progressive 
cathode activation. The differences in equilibrium value of cathode 
current not reasonably attributable to changes in cathode activation, 
and other differences between the curves, can be ascribed to slight 
differences in plate-to-cathode spacing and in the work function of 
the plate at the various positions. 

Figure 3 shows the effect on the decay curves of variations in plate 
voltage (Figure 3a) and heater voltage (Figure 3b). The curves were 
obtained at a plate position where the degree of cathode activation 
was not affected. As expected, all the curves of Figure 3a decay into 
a common line representing the temperature-limited emission charac- 
teristic of the cathode. Figure 3b shows that the transition to tem- 
perature-limited emission is delayed as the cathode temperature is 
increased. The relatively flat slopes of the initial portions of the decay 
curve show that the space-charge-limited current is only slightly 
dependent on temperature and current. In some cases, decay curves 
of triodes and multi-grid tubes have steeper initial slopes which are 
concave upward, much like those of the temperature-limited portion 
of the decay curves. Since Matheson's study has shown that tempera- 
ture-dependent semiconducting grid films can materially affect the 
rise curves, it is logical that such films, when present, will affect the 



www.americanradiohistorv.com 



116 RCA REVIEW March 1958 




0 tO 20 30 40 50 60 

TIME - SECON0S 



PLATE VOLTS" 18 




0 10 20 30 40 50 60 

TIME —SECONDS 



Fig. 3 — Cathode-current-decay curves of rotatable-plate diode at plate posi- 
tion where no deactivation of cathode occurs: (a) effects of variation in 
plate voltage; (b) effects of variation in heater voltage. 
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decay curves of receiving tubes which have grids. The equation de- 
scribing the temperature dependence of a semiconductor 2 is essentially 
equivalent in form to the de Boer equation for temperature-limited 
emission. 3 In a private communication, L. S. Nergaard* has pointed 
out that if the voltage-current characteristics of the space-charge- 
limited region of the curves of Figure 3(a) are plotted with time as- 
a parameter, information can be abstracted about contact-potential 
shifts due to the thermoelectric effect and the bulk resistance of the 
oxide. Further manipulation of the data shown in Figure 3 (b) permits 
an approximation of the activation energy for cathode resistance. 
When the initial portion of the decay curve is affected by the voltage 
drop across the temperature-dependent semiconducting cathode coating, 
or any other semiconducting film, it can look like the later (lower) 
portion of the curve, although there would still be a distinct transition 
between the two portions. Curves for triodes and multi-grid receiving 
tubes may also be modified by the variation, with temperature, of local 
space-charge fields. The effects of this variation can dominate the 
shape of the entire curve and, as mentioned before, obliterate any 
recognizable transition from space-charge-limited to temperature- 
limited operation. 

Figure 4 shows decay curves for a 6CG7 twin triode. These curves 
are similar to the diode curves shown in Figure 3a except that as a 
result of the variable field distortion created by the grid, the lines for 
various voltages do not decay into a common curve representing the 
temperature-limited-current characteristics of cathodes but into indi- 
vidual pseudo-saturation lines. 

In the case of a diode, a rough approximation of the saturated 
emission at operating temperatures can be obtained by projection of 
the temperature-limited-current portion of the decay curves back to 
zero time. If the logarithm of the saturated current, I s , (corrected 
to unit area) is plotted against the time of decay, t, a straight line 
results which can conveniently be extrapolated to zero time. The value 
derived for the cathode used with the rotating anode in its highest 
state of activation was 0.1 ampere per square centimeter. The value 
for the cathode of a 6AU4-GT diode was 7.5 amperes per square centi- 
meter, a reasonable value for this tube. Since plots of log I s versus 
the reciprocal of the cathode temperature, T, theoretically also yield 



2 F. Seitz, The Modem Theory of Solids, McGraw-Hill Publishing Co., 
New York, N. Y., 1940, p. 65. 

3 I. G. Herrmann and P. S. Wagener, The Oxide Coated Cathode, Vol. 
II, Chapman & Hall, London, England, 1951, p. 179. 

* RCA Laboratories, Princeton, N. J. 
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straight lines, the cathode temperature must decay as A/ (B + Ct) 
for the lower temperatures. Radiation laws predict a different decay 
of the higher temperatures, making it probable that the extrapolation 
gives only approximate values. 

Operation Time 

In life tests of ten 6AF4-A and ten 6X8 tubes, the times required 
for the cathode current to reach 80 per cent of its 2-minute value, and 
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Fig. 4 — Cathode-current-decay curves of type CCG7 twin tr;ode for 
different plate voltages. 

to reach a rate of change of 0.2 milliampere per second were measured 
at regular intervals. The resulting data for the ten tubes of each type 
tested were then averaged. The measurements involving the rate of 
change of cathode current showed practically no change during life. 
In the case of the 6AF4-A tubes, the average time required for the 
cathode current to reach 80 per cent of its 2-minute value was 13 sec- 
onds at 0 hours, 10 seconds at 2 hours, 16 seconds at 500 hours, and 
14 seconds at 1,000 hours. None of the other conventional tests which 
accompanied these measurements gave any clue as to why the rise 
time peaked at 500 hours. The time required for the cathode current 
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to decay to 20 per cent of its 2-minute value was also measured on all 
tubes, but added little information to the rise data. While these results 
are probably indicative of the normal run of factory-produced tubes, 
other, less formal tests have shown wide variations of rise and decay 
data in the early hours of life. 

Because operation time will probably become an increasingly im- 
portant requirement in receiving-tube specifications, it is desirable to 
have some quantitative design data on this characteristic. To do this 
explicitly for all types of rise-time measurements is difficult because 
of (1) the intractable nature of heat conduction and radiation equa- 
tions and (2) the lack of knowledge of cathode current during the 
transition between temperature-limited and space-charge-limited oper- 
ation in practical cathodes. Because some rise-time measurements can 
involve this region, calculations which would give results for only the 
pure temperature-limited and space-charge regions were avoided. 
Instead, the rise of the cathode temperature is approximately calcu- 
lated, and the time to get to any arbitrary temperature is used in place 
of the conventional rise time measurements. The calculations of cath- 
ode current are best avoided because it is the variations of cathode 
current rather than the variations in cathode temperature which are 
mainly responsible for the large differences sometimes found between 
rise curves of the same type. 

A first-order approximation of changes in cathode temperatures 
(or rise time) sufficiently accurate for most purposes can be obtained 
if it is assumed that all the power expended in the heater is transferred 
to the cathode and then to other tube parts by radiation. The large 
differences between the equilibrium temperatures of the heater and 
cathode make it necessary to derive an expression for the increase of 
the heater temperature with time, and with the results in a general 
form, to apply the power radiated from the heater as the power input 
to the cathode. Following a general procedure set forth in an unpub- 
lished report by A. G. F. Dingwall* on the calculations of the heater 
warm-up characteristics of series-string tubes, 

[ei-K h Oy-2V)] <ft = 4.18 X C h g h dT h (1) 

// 

where e is the heater voltage (assumed to be constant) ; 

i is the instantaneous heater current in amperes; 

T h is the heater temperature in degrees Kelvin; 

T 0 is the ambient temperature in degrees Kelvin (this term 
will be neglected for most purposes) ; 

* RCA Electron Tube Division, Harrison, N. J. 
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X) Ch9h is the sum of the products of the specific heat in calories 
per gram and the weight in grams of each heater con- 
stituent (denoted by the subscript h) ; 

K h is a constant of proportionality relating radiated power 
to the fourth power of heater temperature; 

4.18 is a constant used to convert joules to calories; and 

t is time in seconds. 

The instantaneous heater power is 

e 2 W f r f 

ei = = , (2) 

L r 
r — 
A 

where r is the heater resistivity in ohm-centimeters; 

L is the length of the heater wire in centimeters; 

A is the cross-sectional area of the heater wire in square 
centimeters; 

W is the heater power input in watts; and 

subscript / denotes the equilibrium value of a variable. 

Equation (1), thei*efore, becomes 

E C h g h dT k 

eZ* = 4.18— . (3) 

W f — K h (TV) 

r 

The temperature dependence of the specific heat can be taken into 
account by application to the specific heat at the final temperature of 
a correction factor based on equal weights of heater wire and coating. 

X) C *9n - E (C»flr») , = S h a h , (4) 

Q 

where S h = £ (C A g h ) f9 and a h — . 

(C h ) f 

When the numerator and denominator of Equation (3) are divided by 
W f = K h T hf 4 t and Equation (4) is applied, the result, expressed in 
incremental form, is 



www.americanradiohistorv.com 



RISE AND DECAY OF CATHODE CVRIitiXTS 



121 



At. 



4.18 



W f 



a h AT h 



(5) 



where T 7i 4 is the average value of T h 4 for the interval AT h (the 

ambient term T 0 4 being neglected). 

The quantity in the parentheses in Equation (5) depends only on the 
heater composition and consequently is independent of the heater 
dimensions. In order to plot this general term on a suitable scale, a 
new variable is defined which includes the specific heat and power 
terms. This new variable is an "equivalent time" with the unit of 
degrees. It is divided by 1,000 to bring the calculations conveniently 
in accord with values commonly met with in receiving tubes. 



W,A£ .00418 a A A7\ 



1,000 5, r f TV 



(degrees) . (6) 



1 hf 



At, therefore, is expressed directly in seconds for a heater where 
Sn/Wf— 0.001. To convert the units of a graph of Equation (6) to 
true time, multiply the At axis by 1,000 S h /W f , evaluated for the 
heater of interest. 

Equation (6) was evaluated for tungsten heaters having alumina 
insulation, assuming small values for the increment AT h and using 
corresponding values for a and r derived from information given in 
appropriate handbooks. This evaluation was carried out for equilibrium 
heater temperatures of 1,500°K and 1,700°K and is shown in Figure 
5. Because of the small difference in the times required for the two 
curves to reach the same percentage of equilibrium temperature, the 
lower curve (T hf — 1,500°K) is used in all subsequent calculations 
involving the temperatures of cathodes having conventional tungsten 
heaters. Tests have shown that there is generally very good agree- 
ment (within approximately 15 degrees) between heater-temperature 
changes evaluated from Figure 5 and those calculated from the change 
in heater current with time. In these tests the equilibrium tempera- 
tures of the heaters were normalized to 1,500°K to allow direct com- 
parison of the temperature changes. An example of such a comparison 
for a 35Z5-GT is given in Figure 6. To use Figure 5 for any tungsten 
heater, multiply the abscissa by 1,000 S h /W f and read the result directly 
in seconds. 
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Fig. 5 — -Temperature of a tungsten heater as a function of equivalent time 
for final temperatures of 1700 K and 1500°K. 
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(j Measured per cent increase with time of the temperature of a 

35Z5-GT heater, compared with increase pi^edicted from Figure 5. As- 
sumed final temperature = 1500°K. 
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Warm-Up Considerations 

The temperature transient (i.e., "warm-up") characteristics of a 
cathode may also be calculated by the general principles set forth above. 
The energy radiated from the heater is the input to the cathode which, 
at equilibrium, is equaled by the energy radiated from the cathode. 
Transfer by conduction is neglected because it can vary significantly 
from one tube to another and, therefore, would require knowledge of 
unavailable information. If it is assumed that there are no end losses, 
the power transferred by radiation alone at equilibrium can be ex- 
pressed by 

(K k T h *) f =(K k T k *) f =W ft (7) 

where T k is the absolute cathode temperature. As with the 

heater, the ambient temperature term, T 0 4 , will be 
neglected except when T k is close to T 0 , where it 
will be understood that the T fc 4 term will be (T k 4 
-To 4 ); 

K k is a constant of proportionality relating the power 
radiated from the cathode to the fourth power of 
the cathode temperature; and 

subscript / denotes the final, or equilibrium value of a 
variable. 

A heat-balance equation, similar to Equation (1), can also be writ- 
ten for the cathode; 

(K h T h *-K k T k ±) = 4.18 Z C k g k dT kt (8) 

k 

where ]P C k g k is the sum of the products of the specific heat in 

k 

calories per gram and the weight in grams of each cathode constituent 
(subscript k) . Equation (8) divided by Equation (7) , rearranged, and 
expressed in incremental form, becomes 

E C k g h AT, 

At = 4.18— (9) 
W, 7Y 2Y 

where, as before, the average values of the fourth power of the tem- 
perature during the interval Af are used. The temperature dependence 
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of the specific heat of the cathode can be taken into account in the 
same manner as in Equation (4) ; 

C k 

HC k g lc =Z (C,g,) f ^S k a k , (10) 

where S k = (C k g k ) f , and a k = — - . 

(C fc ), 

For all practical purposes, the summation in a k is negligible since the 
only cathode constituent which need be taken into account for the 
correction is the cathode nickel. When this correction is applied to 
Equation (9) and the result multiplied by 0.001 W f /S h , 

0.001 A* W f 0.00418 a k \T k 

— =At = - = . (ID 

S h I T h 4 T k * \ 

V \ "TV ?V ) 

where R ~ - ■ . 

St 

Physically, T h is the independent variable, the cathode temperature 
T k being related to it through r and R. Although Equation (11) pro- 
vides a solution for AT fc versus At for any practical value of T h 4 '/T hf A 
less than 1, only one of these solutions will correspond to the actual 
T h reached by the heater. 

Equation (11) can be evaluated in the incremental form by simul- 
taneous solution with Equation (6) and substitution of values of a k 
obtained from tables of specific heats. This evaluation has been per- 
formed for an assumed equilibrium cathode temperature of 1030°K 
and is shown in Figure 7. The abscissa is in terms of equivalent time 
r and may be converted to time in seconds by multiplication by 
1,000 S h /W f = 1,000 ( X C h g h ) f /W f . The abscissa, therefore, depends 

h 

only on the constants of the heater. The ordinate is in terms of 
R= ( C hOh)f/Y^ (C k g k ) f ~ S h /S jc which relates the heater and 

cathode constants. Equivalent times required to reach a constant 
cathode temperature are shown for various temperatures up to 970 °K, 
each curve being drawn through three points calculated for R = 0.2, 
0.6, and 2.0. 

The calculated results shown in Figure 7 were compared with meas- 
ured increases of cathode temperature, using the heater and cathode 
of a 6080-WA tube. A 0.005-inch chromel-alumel thermocouple was 
welded to the cathode at a point approximately one quarter the length 
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from one end, and the cathode then sprayed with conventional triple 
carbonates and processed in a vacuum. Because of some unexplained 
darkening around the thermocouple weld, the equilibrium temperatures- 
were a little lower than usual and were, therefore, normalized to 
1030°K. The measured values are shown in Figure 8 and show poor 
agreement with those predicted from Figure 7. A disturbing fact is 




Fig. 7 — Equivalent time required for a cathode to reach various tempera- 
tures as a function of heater and cathode properties. Transfer of heat by 
radiation only is assumed. 

that there is little agreement between values obtained from different 
cathodes of the same type. Since a similar lack of agreement was 
observed in other cathode structures, it was assumed that not enough 
consideration was given to the effects of heater-cathode heat con- 
duction. 

The importance of heater-cathode conduction was tested using a 
6080-WA heater suspended by tungsten springs in the center of a 
large cylindrical cathode in such a manner that no part of the heater- 
touched the cathode. The results of this test are also shown in Figure 
8. The fact that these results are in good agreement with the calcu- 
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hi ted values indicates that heater-cathode conduction can play an 
important part in cathode current rise characteristics of some com- 
mercial receiving tubes. It is logical, therefore, to question the good 
agreement between the measured and calculated values of heater tem- 
perature rise shown in Figure 6 for heater-cathode structures in which, 
presumably, the same conduction processes are going on. Part of this 
good agreement is due to the fact that it is only the temperature change 
of the tungsten wire which was measured (by changes in resistivity). 
The outside surface of the alumina coating is at a different temperature 
than the wire, the actual value at any point depending upon the degree 




16 20 24 
TIME— SECONDS 

Fig. 8 — Measured and predicted changes with time in temperatures of 
experimental cathodes, expressed in per cent of equilibrium temperature: 
Group A — conventional type 6080-WA heater-cathode assemblies with 
physical contact between heater and cathode; Group B— special assemblies 
having type 6080-WA heaters suspended so as to eliminate physical contact 
between heater and cathode. 

of contact with other heater strands and the inner surface of the 
cathode. Furthermore, because the equilibrium temperature of the 
heater is of the order of 500°K higher than that of the cathode, the 
integrated effect of radiation will be greater during heater warm-up 
than during cathode warm-up, making it more likely that the equations 
based on radiation fit the measured value. 

Because of the variability of cathode temperature transients among 
tubes of the same type, and of the difficulty in uniquely determining 
the cathode current for the complete temperature range, it is imprac- 
tical to calculate cathode or plate currents from the temperatures of 
Figure 7. However, to evaluate changes in rise time which are likely 
to result from given changes in cathode and heater construction, it is 
only necessary to choose, by measurement or experience, a particular 
cathode temperature at which the current is a desired percentage of 
the equilibrium value, for example, 875° K for 80 per cent of the 
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current. The line may then be selected from the family of constant- 
temperature lines in Figure 7 relating the heater and cathode weights 
and specific heats to a time in seconds required to reach 875°K. Such 
information is generally sufficient for design changes since some rise- 
time data are almost always available and it is only necessary to 
calculate changes rather than an absolute value of rise time. 

Conclusion 

From the results of many tests of receiving tube rise and decay 
currents, it has become evident that no simple interpretation will suffice 
to explain the large variations found. They result from the integrated 
effect of all phenomena which influence the effective electrode potentials 
and state of activation of the cathode. 

Generally, the complexity of the curves and degree of nonrepeat- 
ability increases with the number of electrodes. The rise times of well- 
activated production diodes of any one type almost always agree within 
a few seconds. It is not uncommon, however, to have 5- to 15-second 
differences between triodes of the same type. 

The time required for the rate of change of cathode current to 
reach a specified value sometimes shows similar changes, from tube to 
tube, as does operation time. The agreement between the two types 
of measurement is best when the arbitrary rate of change of current 
is chosen so that, on the average, it falls on the same portion of the 
rise curve as defined by operation time. The maximum rate of change, 
which has been used in some tests, occurs so soon after heater power 
is applied that most of the factors affecting the operation time have 
not yet fully acted. The maximum rate is therefore not satisfactory 
as a choice. 

Variations in rise time due to changes in the construction of 
tungsten and alumina heaters and nickel cathodes can be predicted 
with accuracy sufficient for most commercial design purposes. Probable 
large differences in the degree of heater-to-cathode heat conduction 
between tubes make more accurate analysis unprofitable. 
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t Report all corrections or additions to RCA Review, RCA Laboratories, 
Princeton, N. J. 
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"A Packaged 4-Speaker Hi-Fi Radio-Phono," R. S. Fine, Service 

(November) 1957 

"The Physics of the Cathode," L. S. Nergaard, RCA Review (Decem- 
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